Se the lss PET ey Role 


ome iin Sn Ne Sel) Up icin pee UD ee EES ES HSIN <2 


: EN Nan neh re ne Sn ee ote 64 amend VAP Rw We Her ee Gre OK ie bret EAT Hien a ETS et ett eta= o nk Aol mapa "i #4 SAA ay 0) made a ee A FR ne nell etl wid phn tend dual dae Papuertcar a heim whatiark ot ~ — os eb 
mera eiia <n AS Hes SOON ee in nthe He Priva oh ates lin Oe a etme Uedty PSV loeaeade sede tolkeeaeoi sae — Sonne itartomeie bcm Sansheon wake vagegnaeneeane : a we Lite 
se ateisn : caw “hes Sitbter nies eee a nape Wai esa RIES Fe wahe vo eos aeOre An cee Keun aNcneaee mew a Petes jaa aaile ; 7 ws ‘ ar “ ae 
Scomsens ipa Breer Soeen wile icine cnn Gaon TnNaraliiinsauiebeewtsen sana eee JSS leer Sioh alee Nee Sih i a ate eieuuijerawe pan bebine “ 

Cease feb yeah te Spain DORE Fn ene > ihe Hear ra lranm entra datteieeaikonahoamy vuerw tein amciwumhwacayiileps (nu arhybmsia wena uPewveoede ce ~a= ms soateratiel vieiio Borat 
iaeriece ee aoe wire i ei eiba eS iin al as We ey By pmhien meefiig ane ts Lear Sarkis Uwihaten mans 5 ve wa we : meaeets 
~ a sry pesos th Beene aA e Gin beter mf Ssrm Ui) mR how oa Bite hare SEE meni Henn y inion 

Fon Pam oe ince indians anit cine SORE i ees ie she kendo Te rel ieee iain nape et eianetrote Sears ats i crip traboe ee : 
2asyie Aa a nnn eee irae ere erties Benen ree Tas KSAG Lah aUmG aE iieLoadee se, : sey m 
Soe a SOROS NPA mie a . whe ‘ < : 
ine Risin ie ehh ay es ea eT Coan aene Rega Fie bes dtr ee Em lie mnethetionyistbe Sere WES nhekieWaiiee titre: 
3 aim tin a Ne mey bi enn ene fem : : : Sih SN Hersek : attain wAbntaaewhindinitenntuetinteyeikry etude nw Ned Ae date mepborove , 
me hecew SE, eturanens iistreipnine Mazietadsheha bah imaeilel ma heorwsiniee anaerttor wi “eine sareuenaee heaps “ 
oie SUF mre hn ~Seassete lies Sa tei ; ets: a ota ES 2s . - . aKetiwie winnie - : betes i 
Satna her mG fae an ed ap PARRA Seah oe asp fi Senne Oti SH waar ea, atin + _ rharse So5= Renae nie 
aise seire nish eeheiedetens = 5 nish } ail mite (Fe hie ie mie inibe tiny ef : 


Ex 1IPRIS 
Ww UNINERSTCACES 
ADRERTALASIS 


Digitized by the Internet Archive 
in 2023 with funding from . 
University of Alberta Library 


https://archive.org/details/Jonnson1976 


THE UNIVERSITY OF ALBERTA 


PHYSICAL AND CHEMICAL STUDIES ON PYRIMIDINE- PURINE 


DNA 


by 


DOUGLAS A. JOHNSON 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE 


OF DOCTOR OF PHILOSOPHY 


DEPARTMENT OF BIOCHEMISTRY 


EDMONTON, ALBERTA 


FALL, 1976 


y i 
7 
ol wy 
df) oF 
: f , ' 
5 yy ial Wet 
oe vi r 
i . ite: 
3 Au ‘ 
i 
a) a 
: , a) 
0 A i 
i‘ 


| vor Y In Bei in Heenan 


LRT RA OM: 


r ' 044) booy hep Loy Lae 
te! : ” 7 aoe FI 
eb ppt a9 Le " 
| 
i. 
= a .t f 


, > 
.- 
‘i 
4 
: 4 
iis 
7 F 
> 7 
Baie t, 
i] 


7 _ © 
7 


- 7 af ‘ a 2 c 
ce Sa ers 
nq 4 | - 


ABSTRACT 

Pyrimidine’ purine DNAs of repeating sequence which contain G-C 
base pairs undergo a reversible strand rearrangement in solutions of 
moderate ionic strength when the pH is lowered to less than 6. This 
transformation has been studied by both physical and chemical 
approaches which, along with model building studies, lead to the 
hypothesis that this new structure is a tetraplex with base tetrads 
containing both Watson Crick and Hoogsteen hydrogen bonds. These 
studies extend the range of possible rearrangements which have been 
previously observed for a variety of pyrimidine-purine DNAs. 

Many of the reagents and synthetic DNAs used during the course 
of these experiments are interesting in their own right and some of 
their properties and reactions have been further investigated. 
Ethanedial (glyoxal) has been shown to be a useful probe of poly- 
nucleate structure. Also this reagent has been used in a number of 
preparative procedures involving pyrimidine-purine DNAs. The repli- 
cation of a pyrimidine.purine DNA with a random base order has been 
studied and compared to the pattern of synthesis with a pyrimidine: 
purine DNA with a repeating base sequence. The results of these 
experiments support the proposal that pyrimidine.purine DNAs with 
a repeating sequence replicate via a slippage mechanism. 

Also included in this thesis are three appendices describing 
work either done in collaboration with other researchers or work 
not immediately relevant to the main body of the thesis. Appendix 1 
describes the application of fluorescence techniques to the study 


of the reactions of alkylating and cross-linking reagents with DNA. 
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Appendix 2 describes an enzymatic method for the conversion of 
adenosine 5'-monophosphate analogues to their respective 5'-tri- 
phosphates and Appendix 3 describes the isolation and characterization 


of a new terminal deoxynucleotidyl transferase from calf thymus. 
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dBruU 5-bromodeoxyuridine 
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the temperature at the midpoint of the helix to 
coil transition during the thermal denaturation 
of a polymer. 

a duplex DNA with pyrimidines in one strand and 
purines in the complementary strand. The base 

order in each strand is random. The synthesis 

of this polymer is described in this thesis. 
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CHAPTER I- INTRODUCTION 


The conformation and function of DNA is determined by its sequence 
and interaction with its environment. The structure of DNA which codes 
for genetic information seems largely conservative, varying little 
regardless of the source or specific base order. However, various 
other regions possessing base compositions and/or sequences deviating 
widely from the average may be expected to have anomalous conformations 
when compared to bulk DNA. 

This possibility exists for sequences in the lac control region 
(Dickson et al.,1975) which contains repeats of pdC(pdT) pda, a block 
of AT rich DNA sandwiched between two blocks of GC rich DNA and 
potential palindromes (Gierer, 1966) or cruciform structures; features 
which may lead to a unique structure (Chan and Wells, 1974). Because 
of recent advances in DNA sequencing technology (Salser, 1974) many 
other examples similar to these can be gleaned from the literature. 

For example, the rightward promoter/operator sequence of i DNA contains 
alternating blocks with high AT and GC content, has a repeating sequence 
of d(pdT) ,pdA and a oh of two-fold symmetry (Pirotta, 1975; Walz and 
Pirotta, 1975) and similar features are also found for the promoter 
regions of fd phage DNA (Sugimoto et al.,1975) and SV40 DNA (Dhar et al., 
1974). The sites recognized by veatriction endonucleases exhibit two- 
fold symmetry (Salser, 1974). Pyrimidine tracts of various lengths 

have been found in phage DNAs (Mushynski and Spencer, 1970) and 

Szybalski and coworkers have shown that a wide variety of phage and 
bacterial DNAs contain sites capable of binding r(U), and r(G) which 


are presumably mostly d(A) | and d(C) | (Kubinski et al.,1966; Opara- 
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Kubinska et al.,1964). DNA from eukaryotic cells contains long 
stretches of Py Pu, DNA (Birnboim and Straus, 1975) which in D. 
melanogaster are tightly clustered, forming a cryptic satellite 
(Sederoff et al.,1975). Sequence analysis reveals a very simple 
repeat, (ApGpApApG) _, analogous to simple synthetic DNAs. And on a 
larger scale eukaryotic DNA forms discrete satellite bands in CsCl 
density gradients indicative of a base composition different from the 
bulk DNA. These satellite DNAs have simple repeating sequences and 
in some cases at least are LS pla a in character (Sederoff et al.,1975). 

It is not known how the local DNA conformation would be affected 
by the presence of any of these features. However, the classical 
approach to this problem has been to construct synthetic defined DNAs 
of repeating sequences in order to amplify the parameter of interest, 
and study their various properties by chemical, physical and enzymatic 
means. These approaches have emphasized not only the effects of base 
composition on the physical and chemical parameters of interest, but 
also differences between Py Fu, DNAs and synthetic DNAs with pyrimidines 
and purines in both strands which resemble natural DNA in their 
properties. Thus, a more concrete basis for speculation concerning 
roles that Py “Pu, DNAs may possess in vivo and various transformations 
which they may undergo can be provided. 

Numerous researchers have used a wide range of systems to investi- 
gate these differences, including the following means: 

i) various drugs bind differentially to DNAs of different base 

composition. In 0.1M NaCl netropsin binds specifically to AT 

or IC base pairs but not GC base pairs in duplex DNA (Wartell et al., 


1974); actinomycin D binds to duplex DNA at GC base pairs (Sobell, 
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1973).; cand Py Pu, DNAs bind less of the drug than their correspond- 
ing isomers with pyrimidines and purines in the same strand (which 
also bind the drug more tightly) (Wells and Larsen, 1970). 

ii) cross-linking agents that react with a specific base require 
that base in both polynucleate strands and thus may not cross-link 
Py, Pu, DNAs. For example, mitomycin C is thought to cross-link 
DNA by adduct formation with deoxyguanosine residues (possibly the 
6-keto position, Tomasz et al.,1974) and would not be expected to 
cross-link d(TC) _-d(GA)_. Similarly, base specific reagents would 
exhibit different product distribution between strands. For 
example, dimethyl sulfate (Singer, 1975) methylates the 7-position 
of g and the 3-position of aina ratio of 6:1. For a natural DNA 
these products would be distributed amongst both strands; however, 
a Py Pu, DNA would have all the methylated species in one strand. 
iii) certain histone fractions have been reported to have differen- 
tial affinities towards AT rich DNA (for the lysine-rich histones, 
Ohba, 1966) and GC rich DNA (for the arginine rich histones, Clark 
and Felsenfeld, 1972). 

iv) Riggs et al.,(1972) have investigated the binding of the lac 
repressor to twenty synthetic DNAs and demonstrated a preference 
for d(AT) | compared to d(GC) . 

v) replication in vitro of synthetic DNAs with E. coli DNA poly- 
merase I is different for Py Puy DNAs compared to natural DNAs 
(see Results) or synthetic DNAs with pyrimidines and purines in 
both strands. 

vi) in vitro transcription studies with E. coli RNA polymerase in 


the presence of all the necessary triphosphates demonstrate that 
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the rate of transcription of the d(Py) strand of a Py Pu, DNA is 
greater than the d(Pu) | strand unlike the approximately equivalent 
rates for the isomeric DNA with pyrimdines and purines in both 
strands. This has been observed for d(C) *d(G) (Szybalski et al,, 
1969) as well as d(TC) *d(GA) | and d(TTC) -d(GAA) (Morgan, 1970). 
vii) various nucleases degrade Py Pu. DNAs and their isomers with 


pyrimidines and purines in the same strand at different rates. 
An example is micrococcal nuclease(Szybalski et al.,1969) which 
degrades d(AT), faster than d(A),-d(T),. 
However, the three most important approaches have been direct physical 
and chemical studies, X-ray crystallography and studies on rearrange- 


ments that only Py,°Pu, DNAs seem to undergo. 

Wells et al., (1970) have studied three homopolymer pairs, five 
repeating dinucleotide DNAs and four repeating trinucleotide DNAs in 
order to investigate the effect of base composition and sequence on 
melting transitions, buoyant density and circular dichroism spectra. 
These results can be summarized as follows: 

i) the extinction coefficient of the Py Pu, DNA is always lower 

compared to its sequence isomer or natural DNA with the same base 

composition; 

ii) the melting temperature of a Py Pu, DNA in the presence of 

monovalent cations is lower than its sequence isomer and the 

difference between the two diminishes as the sequence complexity 
increases. They concluded that as the repeat size increased (eg. 
from a repeating dimer to a repeating trimer) the Py Pu, polymer's 
melting behaviour became more like that of a natural DNA, suppress-— 


ing the anomolous effects of the asymmetric pyrimidine and purine 
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distribution. Note that d(T) 7d(A) is an apparent exception with 
a Ty greater than d(AT) | and also that addition of a divalent 


cation causes the Ty of d(TC) *d(GA) | to increase to above that of 
d(TG) -d(CA) | (unpublished observation of author); 
iii) the DNA with the higher Ty has the lower density in Cs,S0, 5 
iv) natural DNA has a Ty which increases ~18°C/10 fold increase 
in the ionic strength @s calculated from linear plots of Ty versus 
log, 9 salt concentration). For synthetic DNAs this value depends 
on the length of the sequence repeat. For a 10 fold increase in 
salt concentration the Tu increases by v18°C for DNAs with only 
two nucleotides (eg. d(T) d(A)_, d(AT) > d(C) *d(1) and d(IC) ); 
by ~ 13°C for DNAs with repeating dinucleotides (eg. d(TC) *d(GA) 
and d(TG) _-d(CA) _) and by ~ 12°C for DNAs with repeating tri- 
nucleotides (eg. d(TTC) -d(GAA) _, d(TTG) *d(CAA)_, d(TAC) *d(GTA) 
and d(ATC) -d(GAT) |). The results of Morgan et al.,1974 for 
d(TCC)_*d(GGA) suggest a value of ~ 18°C which is anomolous. 
v) attempts were made to establish relationships between Ty and 

o CsCl and mole fraction GtC and p Cs,S0,- Trends could be 

inferred but values differed from the graphs determined for natural 
DNAs (in fact, the best fit would be for the average value of a 
Pya? o DNA and its sequence isomers) ; 
vi) the CD spectra of each polymer is unique (discussed later). 
These results emphasize the differences between Py Fu, DNAs as a 

class distinct from natural DNAs or their base isomers with pyrimidines 

and purines on both strands. 


Perhaps the most definitive technique for structural investigation 


is X-ray crystallography; however, polynucleates have not been crystall- 
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ized (except tRNA) and what information we have is derived from fibre 
diffraction and model building studies (for a "discussion" of the 
validity of this approach see articles by ee and by Arnott, 
Wilkins, Crick, Marvin and Hamilton, Science 167, 1693-1702, 1970. 
Recently published structures of ApU (Seeman et al.,1976) and GpC 
(Rosenberg et al.,1976) show that they both form interstrand Watson- 
Crick type hydrogen bonds with coordinates similar to those assumed 
for residues in polymer models, thus supporting the validity of this 
approach). Arnott has termed this approach the linked-atom least- 
Squares method (Arnott, 1970) in which a least-squares refinement is 
used to fit models to the observed diffraction data (in contrast to 
protein crystal structure determination in which a model is derived from 
the data and then refined). Originally, these models are assigned 
values (i.e. bond lengths and torsion angles) determined from surveys 
of crystal structures of nucleosides and nucleotides. 

Fibre diffraction of natural DNAs revealed that more than one 
crystalline structure can form depending upon the experimental conditions 
(especially the relative humidity and salt/DNA phosphate ratio). These 
include the so-called A, B, C, and D forms each of which could contain 
many structures with minor variations (Table 1). Recent woneny 
Arnott et al.(1974a) and Arnott and Selsing(1974b) provides a basis for 
classifying these into two families "A" and "B" although each member 
has its own unique geometry. The "A" family is characterized by a C.,endo 
sugar conformation (Figure 1) and base pairs displaced forward from 
the. helix axis (usually >3 R (Arnott et al.,1974b)) and with positive 
base tilts (although the rather large value of 20° for the classical 


A RNA structure is not always reached). The "B" family has a C.,ex0 
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A DNA B DNA C DNA D DNA A RNA A‘ RNA 
Conditions: 
relative humidity <92% >92% <66% d(AT) | low 
or 
ionic strength no excess Le d(ATT),° low >20% salt 
excess salt DNA" d(AAT), 
salt under 
conditions 
similar 
to A DNA 
pitch (&) 28.15 34 31 24.3 = =e 
fold (base Ti 10 m9. 3 8 11 is 
pairs/turn) 
rise (2) 2.56 Siac B33 3.03 2.51 350F 
tilt (degrees) 20.2 -5.9 -6 -16 +20 “= 
twist (degrees) -112 -2.1 5 -~ ~= -- 
sugar conforma- C,endo C,ex0 C,exo C,ex0 C,endo C,endo 
tion 
displacement AB 2 0 -2 -1.8 4.3 a | 
(8) 


genre nn 


TABLE 1 


Parameters of Classical DNA and RNA Structures 


Derived From Fibre Diffraction Data 


Data for this table are taken from Arnott(1970) and Arnott and 


Selsing (1974a) 
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Figure 1 
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Ribofuranose Sugar Conformations 
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sugar conformation (Figure 1), base pairs straddling(classical B type 
DNA) or behind the helix axis (C type or D type) and smaller base tilts. 
e 

The main distinguishing feature is the sugar conformation. Also the 
Seapeetar residues/turn of helix is greater for A type structure 
resulting in smaller rotations/residue (B form V36°-45°, A form 

A360) -39 094 Generally, the A form is more stable at low relative 
humidity and little or no excess salt; raising the humidity or increas- 
ing the counterion concentration results in a B structure being formed. 
Both A and B families consist of right handed duplex DNA with ieton: 
Crick hydrogen bonding. 

Structures of synthetic DNAs fall into these two categories (Table 

2). Although each individual structure is unique there are some 
interesting generalizations. DNAs with 100% A+T content prefer a B 
conformation (d(T) -d(A)_, d(AT) d(ATT) *d(AAT) |). Lowering the 
relative humidity does not cause a change to an A form as is the case 
with natural DNAs (although d(AT) | may form an unstable A form (Arnott, 
et al, ,1974b)) but to the new D form which is part of the B family 
but has a pitch of 24 R, 8 base pairs/turn, and a small negative 
displacement. This effect, which causes a 11.8% shortening of the 
duplex from the B form may be important for sequences in vivo with high 
AT contents, presuming that this change can be mimicked. Also the D 
form is packed more closely in the unit cell than the B form (and both 
more tightly than the A form) which could be important for in vivo DNA 
packaging and DNA condensation. Arnott has also speculated that the 
presence of AT clusters may help destabilize neighbouring A structures 


(Selsing et al.,1975) possibly affecting transcription since RNA*DNA 


hybrids exist in A forms. 
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Synthetic DNA Sugar Conformation= Family Reference 

d(ATT) -d(AAT) | C.,ex0 De Selsing et al,, 
(1975) 

d(AT) *d(AT) C.,ex0 Cae APNOte et aly, 
(1974a) 

d(GC)_-d(GC) _ C.,ex0 Be Arnott et al,, 
(1974a) 

d(Ic) *d(Ic) | C.,ex0 te. Arnott et al., 
(1974a) 

d(T) "d(A) C.,exo Bi Arnott and Selsing, 
(1974a) 

Z 

d(TG) *d(CA) | 2 eBoeGe) Langridge (1969) 

d(I)_+d(C) 4 "B"(?) Langridge (1969) 

d(TC) -d(GA) | 2 "A"(?) Langridge (1969) 

d(C) *d(G) C.,endo gu hey Arnott and Selsing, 
(1974b) 

d(T) -d(A)_ d(T). C.,endo ca Arnott and Selsing, 
(1974a) 

TABLE 2 Structure of Synthetic DNAs Determined By X-Ray 


Fibre Diffraction Studies 
1. for an explanation of the terms see text. 


Li either unknown or tentative assignment. 
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Although DNAs with pyrimidines and purines in the same strand are 


in the B family, Py “Pu, DNAs may not be. Arnott and Selsing(1974a) 


reported that while d(T) -d(A), exists in a B type structure, d(C) *d(G) 


preferred an A like structure (Arnott and Selsing, 1974b). Although 
no data was presented Langridge(1969) reported that while d(C) -d(I) | 
and d(TG) *d(CA) | gave diffraction patterns similar to B DNA, d(TC) 
d(GA) | gives an anomalous pattern similar to d(C) *d(G) (which is A 
like) when fibres were drawn from solutions known to favour formation of 
the B form. The hypothesis that d(TC)_ *d(GA) | exists in an A like 
conformation is tentative but should be investigated further. However, 
since Py Pu, DNA has been implicated in the initiation of transcription 
(Szybalski et al.,1966) the existence of these DNA clusters in A 
conformations could facilitate this process, as has been proposed for 
d(C) -d(G)_ tracts (Arnott and Selsing, 1974b). 

d(T) d(A) can be converted to an A conformation by the addition 
of a third strand (d(T) ) to form the triplex d(T) *d(A) d(T)» 
probably due to the enlarged size of the major groove in A conformations 
(Arnott and Selsing, 1974a) into which this strand must fit. The 
overall diameter of the polymer is only marginally increased (similar 
structures were reported for DCU eee Ch), and r(U)_ "d(A) sr), 
Arnott and Bond, 1973). This observation suggests that transcription 
could be initiated by the addition of a third strand to form a triplex 
and facilitate a B to A transition (Arnott et al, 1974a) although in 
view of the reduced transcription rate in vitro of triplexes compared to 
the corresponding duplex (Morgan, 1970; Murray and Morgan, 1973) this 
would apply only to neighbouring AT rich regions and thus result from 


an indirect interaction. 
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The relation of these structures to the structure in solution is 
not known. Tunis-Schneider and Maestre(1970) have obtained circular 
dichroism spectra of E. coli and calf thymus DNAs in thin films under 
conditions (salt concentration and relative humidity) where either A or B 
forms are normally present. The A form spectrum exhibits a positive peak 
centred at about 260 nm, a minimum at 210 nm with a variable trough at 
280-300nm, this variability suggestive of a family of structures. B 
DNA is characterized by a broad maximum at 270-280nm, a minimum at 
240-250nm (of amplitude approximately equal to the amplitude of the 
maximum) and another maximum at about 220nm. In solution (0.1M NaCl) 
the spectrum is almost identical to the B spectrum recorded for the 
unoriented film. Also the A spectrum is similar to that recorded 
for double-stranded RNA which exists only in the A conformation (Arnott 
and Bond, 1973). It was concluded that natural DNAs in solution are 
in a B form and RNAs in an A form. Wide angle X-ray scattering studies 
of calf thymus DNA in gels and solution (Bram, 1971) at moderate ionic 
strength (0.05 - 0.15M monovalent cation) supports this conclusion. 

When the spherically averaged scattering curve for various models was 
fitted to the experimental data the A form was obviously at variance 
with the results. The best fit was a modified B form with the pitch 
increased to 37 & and the rotation/residue reduced by 8.4% (this struc- 
ture or a similar one persists in nucleohistone). Infrared spectroscopy 
of natural DNAs has been used to empirically assign conformations 

(Pilet and Brahms, 1972). At neutral pH, with a sodium chloride con- 
centration of 3-4% and a relative humidity estimated by the absorption 


1 


at 3400 cm ( -O-H stretching) a plot of relative humidity against 


dichroic ratio (antisymmetric/symmetric stretching vibration of the 
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phosphate group) showed a reversible transition centred at ‘85% 
relative humidity assigned to the B form (RH >85%) and A form (RH< 
852). The spectrum of the later form was similar to that are for 
RNA. These authors also investigated the effect of base composition 

on the B to A transition, concluding that at a GHC content <30% the A 
form should not be observed as was inferred later from studies on fibre 
diffraction for AT rich DNAs. These investigations support the exist- 
ence for A and B forms in solution for natural DNAs. The correlations 
for synthetic DNAs have been less well investigated and since Py Pu, 
DNAs can undergo many rearrangements in solution at varying ionic 
strengths and pHs, in some cases the species under investigation is 

in doubt (eg. see Arnott, 1975). Using the generalized features des- 
cribed for the A and B forms of natural DNAs then almost all of the 
Synthetic polymers investigated by Wells et al.(1970)would be in B like 
conformations (including d(T) *d(A) > d(AT) d(C) -d(G)_, d(GC) 

d(TG) -d(CA)_, d(TC) *d(GA) , d(ATC) -d(GAT)_, d(TAC) -d(GTA) |, d(TTG) | 
d(CAA) d(C) _-d(1)_)-. The spectrum of d(GC)_ has its maximum at 
272.5nm characteristic of B conformations but the shorter wavelength 
region resembles the A pattern while d(IC)_ has a unique inverted B 
spectrum (all spectra were obtained for samples in 1mM potassium 
phosphate pH 7.5, 10mM NaCl, O.1mM EDTA except d(GC) | which was run at 
pH 7.3, conditions which result in B conformations for natural DNAs). 
However, this is somewhat arbitrary in that the spectra of homopolymeric 
DNA and Py Pu, DNA differ from the classical B spectrum (as does d(GC) 
mentioned above). Figure 13 of Wells et al.(1970)(Figure 2) of the CD 
spectrum of d(T) *d(A) illustrates the complexity of these types of 


spectra, which makes a simple B or A assignment difficult. Although 
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Figure 2 Circular Dichroism Spectrum of d(T) -d(A) 


Reproduction of the CD spectrum of d(T) -d(A) (Figure 13 of 


Wells et al.,1970) with a typical B spectrum (dashed line) superimposed. 
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the spectrum of d(IC) | differs dramatically from the rest (Mitsui et al., 
1970) results from fibre diffraction suggest it is in a B like conforma- 
tion (Arnott et al.,1974a). Also the inclusion of d(C) *d(G) in the 

B family is tenuous. Firstly the spectrum (Wells et al.,1970) has a 
maximum at 290mm which Gray and Bollum (1974) interpret as a contribu- 
tion of ate) aq from excess d(C) assumed present in the prepara- 
tion. Secondly, the position of the largest maximum is at 260nm which 
is more reasonably interpreted as derived from an A structure (although 
the shorter wavelength region resembles the B spectrum). Finally, fibre 
diffraction studies (Arnott and Selsing, 1974b) show that d(C) -d(G) _, 
at 75% relative humidity, is in an A conformation. Raising the 

relative humidity to >90% does not result in the usually observed 

(for natural DNAs) A to B transition suggesting an A like conformation 
may exist at higher relative humidity and in solution. A further 
complication arises from attempts to calculate CD spectra using model 
compounds as standards (Arnott, 1975). These studies show that for the 
range of synthetic DNAs and satellite DNAs of known sequence considered, 
the relationship between the calculated and observed spectra was very 
good. Included in this group was d(C) d(C), (d(T) *d(A) was an 
exception) implying a similar structure as the rest of the polymers 

some of which are known to be in B like conformations. However, these 
results were based on two assumptions both of which may not be entirely 
COIrrect. Firstly, d(C) -d(G) was used as one standard to determine 
O[dC-dG base pair = the characteristic molar ellipticity of such a pair 
embedded in an infinite polymer d(C) °d(G) ] which was used in the 
remaining calculations. Hence, the inclusion of d(C) -d(G) in the 


same structural family as the remaining polymers represents a circular 
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argument. Secondly, the similar value @[dT-dA base pair] was derived 


from the spectrum of the block copolymer d(C 5) (Burd and 


1S 157 tsa) 
Wells, 1975) although it has been shown by a variety of physical tech- 
niques that the presence of the.GC base pairs affects the structure of 

the AT base pairs (Burd and Wells, 1975; Burd etalk, 19 7Savand*b).. § Lvhave 
dwelt on the possible structure of d(C) *d(G) in solution since it may 

be uniquely A like and also since the only fibre diffraction study of 

d(TC) -d(GA) | (Langridge, 1969) suggests the two structures are similar 

and different from B DNA (under conditions where normally B DNA is 
detected, although these are not specified). It must be concluded that 

the structures of any of the synthetic Py Puy or homopolymer DNAs in 
solution are not known although polymers such as d(AT) d(IC)_ or 

d(GC) | at high relative humidity (and presumably in solution) are 

probably in B conformations (Arnott et al., 1974a), as are synthetic 

DNAs with pyrimidines and purines in both strands (Langridge, 1969). 

The nature of CD interpretations negates exact predictions about 
structure. However, physical studies of synthetic DNAs emphasize 
their unique character (as judged by X-ray fibre analysis and CD 
spectra) and provides a firmer basis for the hypothesis that sequences 
along DNA may have differing conformations depending upon the base 
composition and distribution. 

Perhaps the most interesting property of synthetic polymers is 
their ability to undergo strand rearrangements and in addition, form 
multistranded structures (many of which involve Hoogsteen hydrogen 
bonding (Figure 3 ) such that usually only Py Pu, DNAs will form 
these structures). Much of the literature describes these features 


for RNA polymers as these were generally available before the correspond- 
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ing DNA polymers but many, if not all, of the structures can be formed 
with DNA polymers as well as oligomers and even purine nucleotides 
(probably due to their greater propensity to stack in solution using 
the pyrimidine polymer as "template"). Characterization of these 
complexes usually involves ultraviolet spectroscopy, CD studies, 
buoyant density studies, determination of the melting temperatures and 
most importantly the determination of the compiex stoichoimetry by 

the method of continuous variation (Job, 1928). 


A displacement reaction can be represented by equation (1) 


AB + C ——>AC+B (1) 


in which the more energetically favourable AC complex is formed at 

the expense of the AB complex with the liberation of free B. If B 
subsequently self associated then this association could provide an 
additional free energy favourable to the displacement. For polymer 
complexes such as AB the possible displacement induced by addition of 
a third strand can be judged from a knowledge of the relative stabili- 
ties of the complexes (if this rearrangement is carried out under 
kinetically favourable conditions). 


Examples of these stability series are: 


r(T) (A) >d(T) -d(A) >d(T)_ -r(A) >r(U)_-r(A) >r(U) d(A) 


(Riley et al.,1966) 


r(C) *x(G) >xr(C)_*d(G) >d(C)_ *r(G) >d(C) *d(G) (Chamberlin, 


1965). 


r(C) *x(T) >d(C) *r(I) >d(C)_-d(I) >x(C)_ *d(I)_ (Chamberlin, 


1965) 
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There seems no obvious rationale for the relative stabilities in these 
series. Thus addition of, for example, r(C) to d(C) *r(G) would 

result in the formation of r(C)_*r(G) and d(C) providing the conditions 
did not favour additional structural rearrangements to three stranded 
structures. These relationships presume the polymers to be of comparable. 
chain lengths. If the added strand is shorter than the strand to be 
displaced then incomplete displacement is observed (Haas et al.,1976) 

and presumably nucleotides may not be able to displace a polymer even 
though the binary complex would readily be formed if a polymer was 

added. Polymers with modified bases would probably follow the same 
scheme viz. if the T,, of the complex formed is greater, displacement 


M 
will occur (2) (Michelson et al.,1967). 


r(I) or) 4 r(BrUC)  ———> r(BrUC) *r(1) + r(I) (2) 


There is no evidence concerning similar relationships for 
polymers other than homopolymers although under favourable conditions 
(namely those used for transcription with RNA polymerase) the hybrid 
r(UC) -d(GA) is formed at the expense of d(TC) *d(GA)_. (Murray, 1972). 
More complicated rearrangements have been observed (3), (4), (5), with 


different polymer systems (the more stable complex is always formed) 


8 d(C) d(T) | ——> 2 d(T) -d(1) (1) -d(1) + 4 a(c) -a(C") (3) 


(cienperitin, 1965)". 


+ chamber fa proposed that r(I),:r(1),°r(1), would be formed based on a 
previous (Rich, 1958) fibre diffraction study. The results of Arnott 

et lal CO74)Sucgest that’ r(1), t(D; rr), Tr), is the proper structure 
and the equation has been modified to accommodate this observation. 
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r(C) d(1) | ae d(C) *r(1) _—> r(C) *r(1) am d(C) *d(I) (4) 


(Michelson et al. ,1967) 


r(A)_*2r(1) “ 2r(C) | ——> ? r(C) *r(1) + rA: (5) 


(Michelson et al.,1967) 


(from reaction (4) it may be additionally inferred that for the IC 
series hybrid polymers are less stable). Triplexes may also be suscept- 


ible to displacement reactions (6), (7), 


r(A)_°2 r(I) + r(U) (or BD A eee, + r(I) (6) 


(De Clercq et al.,1975) 


r(A) r(U)_*r(I), + r@), (or (1),) —Sr(U) -r(A) er) + (7) 


r(I) (De Clercq et al.,1975) 


and it is interesting that the formation of triplexes may also be 
accompanied by displacement to form the most stable Watson-Crick duplex 


(8) and (8)a, (9) and (9a) (Torrence et al.,1976). 


| r(T) °r(A) oF r(U) | —_——> r(T) *r(A) ru) (8) 
while 

r(U) 7r(A) + rity wae r(T) 7r(A) rr () (8a) 

r(U)_*r(A) sts d(T) | ey d(T) -r(A) 3), (9) 

r(U) °r(A) + d(U) —_——> r(U) 4 (A) dU) | (9a) 


Py °Pu_ DNAs can form three stranded structures by the addition of 
Nyien 

a third strand, in the major groove, via Hoogsteen hydrogen bonding to 

the purine base (these structures are also discussed in the section on 


Model Building). Hoogsteen hydrogen bonding has been demonstrated from 
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fibre diffraction studies on r(U) *r(A) r(U) (Arnott and Bond, 1973), 
d(T) dA) -d(T) (Arnott and Selsing, 1974a) and from infrared spectra 
of r(C) -d(G)_ *r(c") (Hattori et aL.,1976). It may be inferred from 
these studies that all triplexes of the class Py Pu, Py, exhibit 
Watson-Crick and Hoogsteen hydrogen bonding. The range of triplexes 
reported for homopolymers is large and includes r(C)_*r(G)_ *r(G) 
Chamberlin, 1965), H(e)_ (er (e (Hattori et al.,1976; Thiele and 
Guschlbauer, 1971), r(c)_*a(G)_*r(c")_ (Haas et al.,1976), r(C) *d(G) ° 
r(C') (Haas et al-»1976), r(U)_*r(A)_*r(U)_ (Riley et al.,1966), d(T) 
r(A)_"r(U) (Torrence et al-,1976), d(T) + r(A) d(T) (Riley et al, ,1966), 
d(T) *d(A) d(T). (Riley et al-,1966), r(U) -d(A) *r (0) (Riley et al., 
1966), r(T) (A) rT) (Howard et al-.,1971), d(C) *d(1) *d(T) 
(Chamberlin, 1965) and r(C)_ -d(1)_-d(Z) (Chamberlin, 1965). Additionally, 
many of these triplexes can be formed by disproportionation of the 

duplex under appropriate conditions (high ionic strength or increased 


temperature) in a manner analogous to equation (10). 


2r(U) *r(A) ——> r(U) or) r@) + tr), (10) 


(Stevens and Felsenfeld, 1964). 


Similar reactions have been reported for r(T) -r(A) (Howard et al-,1971) 
and r(C) °r(G) at acid pH (Thiele and Guschlbauer, 1971). Under the 
proper conditions these may also be expected with the corresponding deoxy 
polymers. 

In view of the number of possible complexes that may be present when 
two homopolymers are mixed, extreme care must be taken in controlling 
the annealling conditions and in characterizing the products. The report 


by Stevens and Felsenfeld(1964) on the disproportionation of r(U) (A) 
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is especially informative. They have shown that the formation of 
r(U) °r(A) sr) from a mixture of r(A) + 2r(U) is accompanied by 
hypochroism at 280nm but the formation of r(U) *r(A) from r(A) + 
r(U) is not. The melting profile of r(U) *r(A) when conditions favour 
disproportionation, shows a monophasic shift at 67.2°C at 260nm 
(reflecting only the r(U) *r(A) 4 (U) melting) while at 280nm there is 
a biphasic profile with a hypochromic shift at 49.5°C (reflecting 
disproportionation) and the normal triplex melting at 67.5°C. Hence, 
rearrangements may be observed only under certain strict conditions 
and only when observing carefully chosen experimental parameters. 
Triplex formation has also been reported for d(TC) *d(GA) ° 
r(UC) (Morgan and Wells, 1968) at pHs as high as 7.3. The complex 
was characterized by buoyant density studies, optical density- 
temperature profiles, ultraviolet spectral properties and by a continu- 
ous variation study. In common with d(T) *d(A) +r (0) inhibition of 
transcription by E. coli RNA polymerase was observed. By analogy to 
the homopolymer triplexes the r(UC)* strand adopts Hoogsteen hydrogen 
bonding. Model building studies of d(TC)_+d(GA)_-r(UC) in which the 
third strand has reverse Hoogsteen hydrogen bonding demonstrated that 
the triads formed were non-isomorphous and not to be expected 
(Figure 3). The formation of a triplex by d(TC)_*d(GA) in which 
only Hoogsteen hydrogen bonding is expected, aids in the decision 
between choosing Hoogsteen or reverse Hoogsteen bonding for all triplexes 
since models of homopolymer triplexes can be made with either type of 
hydrogen bonding. 
Many other multistrand structures have been postulated but few 


have been characterized. One exception is the structure of 4r(I) | 
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(Arnott et al,,1974a), and by extension 4r(G) Each member of the four 
stranded structure is hydrogen bonded to the adjoining bases by Hoogsteen 
hydrogen bonds (for 4r (I) these are N-1 to 0-6 and for 4r(G) N-1 to 
0-6 and N7 to 2-NH,) Structures have also been proposed for r(A) > 
d(A) > r(C) and d(C) at acid pH where homopolymer duplexes are formed 
earnotee 1971). Bye tue DNAs are more likely to form ordered multi- 
stranded structures due to their ability to form Hoogsteen hydrogen 
bonds as well as Watson-Crick hydrogen bonds. For example, both 

d(T) (A). and d(C) *d(G) at neutral pH form complexes of unknown 
structure depending upon the rate of cooling after a heat step and in 
the presence of metal ions or salts (A.R. Morgan, personal communication; 
D. Johnson, unpublished results). Also d(C) *d(G) and d(C) *d(I) can 
vary in buoyant density in Cs,S0, (Wells et al.,1970) by as much as 
96mg/cc even though the preparations were well characterized and, for 
d(C) -d(Z) care was taken to ensure an equimolar ratio of d(T). and 
d(C). And Wells et al,(1970)also have described anomalous densities 

in Cs,S0, at neutral pH for d(TC) *d(GA) preparations S1ehousn these 
had equivalent buoyant densities in CsCl, identical CD spectra, and the 
same Tyr in either 0.05M or 0.2M salt (all were authentic d(TC) +d (GA) | 
as judged by nearest neighbour frequency, transcription studies and a 
variety of physical techniques). If either of the two preparations 

was heated to 90°C in 10mM NaCl, O.1mM EDTA pH 7.4 and slowly cooled a 
species with the buoyant density expected for d(TC) *d(GA) | was 
obtained. However, rapid cooling resulted in the formation of a new 
species with a higher buoyant density. It was postulated that in the 
presence of metal ions or in solutions of high ionic strength, with 


or without heating, these DNAs can be trapped in metastable states and/ 
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or multistranded complexes. 

The sum total of these physical studies emphasizes the uniqueness 
of DNAs with repeating sequences, especially Py Pu, DNAs, and that many 
possible structures and complexes can be formed by each polymer (for a 
discussion of some of these in more detail see the section on Model 
Building). It is appropriate to discuss their possible roles in vivo 
and to assess the possibilities of isolating such structures (to this 
date, only two base triads have been confirmed in a polynucleate, the 
cata structure (Ladner et al,,1975)). A major problem in isolating 
such structures may be the different conditions under which each is 
stable. An obvious example is any structure involving a Hoogsteen 
Gc* base pair (although proteins or other species may stabilize a 
protonated c at neutral pH in vivo, the isolated polynucleate may 
require a lower pH). Other examples are the triplex r(U) *r(A) 2) 
which in the presence of ethidium bromide loses the Hoogsteen r(U) 
strand (Waring, 1974) although d(T) *d(A) +r (0), and d(T) -d(A) |: 

d(T) are unaffected (N. Murray, unpublished; D. Johnson, unpublished) 
and r(T) or (A) or (Tt), which is selectively destabilized in the presence 
of tetraethylammonium ion (Howard et al.,1971), losing the Hoogsteen 
strand. SDS, which is used in many purification procedures, disrupts 
the triplex d(T) d(A) +r), when veers is present as the counterion 
(D. Johnson, unpublished) probably by competing with the triplex for 
Moa The r(U) strand of this triplex is also sensitive to pancreatic 
RNase (Murray and Morgan, 1973), although less sensitive than free 

r(U) > such that the presence of RNase in the isolation procedure 

could destroy the triplex. Most of the triplexes previously mentioned 


are stabilized by divalent metal ions or high ionic strength. However, 
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just as certain duplex DNAs are destabilized by increasing the ionic 
strength viz. r(A)_ "r(A") (Michelson et al, ,1967) and PCC) ‘tenth ) | 
(Michelson et al.,1967), some triplexes may also be disrupted by these 
conditions as is the triplex r(T) °r(A) er (1) (Morgan and Wells, 1968). 
In the first two cases, the stabilization due to reduced phosphate- 
phosphate repulsion does not compensate for the weakened electrostatic 
attraction although in triplexes the phosphate repulsion would be more 
significant an effect and any electrostatic force relatively less 
important. Since these triplexes are stable under different conditions 
then a priori arguments would be needed to fix the choice of isolation 
conditions. 

The stability of a putative triplex would depend strongly on the 
chain length of the polymers involved (in vitro studies utilize polymers 
of 6-10S). If a model predicted that a triplex was involved in a 
control or regulatory mechanism at a fine level, then this triplex 
would probably be difficult to isolate because of its perhaps transient 
nature and also probable short chain length, since most pyrimidine 
tracts that have been isolated are of short chain length. Sederoff 
et al.(1575)have isolated polypyrimidines 750 residues long which, if 
they formed triplexes, would be quite stable. There is an additional 
technical problem in that these triplexes may represent only a small 
percentage of the total polynucleotide present. A useful tool in the 
isolation of triplexes may be antibodies (Stollar and Raso, 1974) which 
can distinguish between triplexes and duplex synthetic homopolymers. 

Postulated roles for Py Pu, DNAs have centred on various direct 
interactions. The only indirect interaction postulated (Arnott et al, 


1974b) involves the possible effect of the B to A transition found 
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when d(T) -d(A) forms the triplex d(T) dA) d(T) on the transcription 
rate of immediately adjacent sequence (discussed earlier). These 
functions include the formation of triplexes as potential control 
elements in gene regulation and chromosome structure (Britten and 
Davidson, 1969; Crick, 1971); a triplex has been proposed to explain 
the compact structure of the E. coli folded chromosome (Pettijohn and 
Hecht, 1973); pyrimidine clusters in DNA have been implicated as 
initiation and termination signals for RNA polymerase (Szybalski et al,, 
1969). T, DNA is asymmetrically transcribed in vivo and in vitro 
(Summers and Szybalski, 1968) and the transcribed strand contains all the 
pyrimidine clusters as measured by r(G) binding (> 99% of TL and T, 
mRNA synthesized in vivo hybridizes to the r(G) binding strand); 

d(T) d(A) clusters proximal to the origin of replication in E. coli 
may have a function in the initiation of DNA replication (Baril and 
Kubinski, 1975); studies on the poly r(G) bindings sites in A DNA 

led to correlations (Champoux and Hogness, 1971) between these sites 

and intercistronic regions of A polycistronic mRNA implying a possible 
function in regulating the size of a particular mRNA from a single 
promoter (perhaps as an anti-terminator locus after the first cistron); 
Py Pu, sequences may be metastable intermediates in protein DNA 
interactions, directing a particular protein to a neighbouring sequence 
(this hypothesis may explain the rapid kinetics of protein DNA inter- 
actions when both the DNA sequence and protein concentrations are low. 
A primary interaction with DNA that has a unique conformation would 
result in an increased association rate for the protein); sequence 
analysis of both Drosophila (Gall and Atherton, 1974) and mouse (Biro 


et al,,1975) satellite DNAs show that these can be classified into 
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families of repeating sequences differing only by a single base change. 
Although not Py Puy it may be important that none of these substitutions 
leads to the formation of Py “Pu, DNA suggesting a distinct role for 
this type of DNA. In addition the results of this thesis suggest 
other possible roles for Py Pu | DNA which will be discussed later. 
Although none of these postulates have been proven, physical studies 
have provided a solid base for many of the predictions some of which 
may yet be found in the wide diversity of nature. 

More sophisticated questions about the properties of any sequence 
can be posed as more sophisticated model systems can be constructed. 


Recent work on chemically defined block polymers eg. d(C )-d(T 


20410 °4T1 999? 
(Burd et al,,1975a; Burd et al,,1975b) has shown that each region 
exerts an effect on the structure and stability of the other region 
providing a rationale for "regulation" at proximal sites both in the 
presence and absence of other regulators (in the model system the 
probes netropsin (binds to AT region) and actinomycin D (binds to GC 
region) raised the melting temperature of the entire complex - no 
hysteresis was observed - and protected both regions against nuclease 
digestion). New approaches with chemically defined DNAs, such as this 
one and the possible inclusion of defined sequences into natural DNAs 
using restriction endonucleases, will be useful in approaching many 
of the problems concerning the effects of base sequence and allow 
physical and chemical tests of many of the above models. 

The purpose of this thesis is to define and characterize a new 


class of polymer structures, "multiplexes", which are formed reversibly 


by Py ;Pu, DNAs (except d(T) -d(A),) of repeating sequence. 


-9gasdo bed sigakea si yd whey gnitettih sichienl gh 
anotibtisadue’ sesiit to snow sed snsseqgat ad str ak iene 
noi slox dsniterb, 2, goizesgnue, nie putty a Re cotaase« 
Saokgue eresdd eli3 io ed luest os sii al A Yo 
-teipl bseavoalb.ed Lliw dobriw And Ahh ee 303 estore 
estbuse Isotevdq _havorg cased event estsloteog Sees, tb, Sonos 
Hotdw to smoe: inisenbied arti 26 YoBm, JOR sabe biltog! eh . 
.stujgen to ydttevevibh, bin 2g ee 

sonsupse yas Io esti teqorg otis tueds anoltasup bataottel qo 
Jbsagouuteanes sd éo.ametaye Pane theyas ks aisicue cas a ve ds 
(peor! ib Co rAget?® 94 exsnmlog ote boniteb cl Lea bengal ee f: 
- polgs7 doss tant nydile Sen Amit ats i9, brud  Beves 


Wi 


F ad) 


netgex- isdjo sat 19 yak lignite Ds saps putts adsvidy oe 
of%..0i dtod asstex Lanlxo7g aa nmtoL4 eh tugor'l 02 slenoiten \s 
ae 

ols mazexe: evan: ait’ nk) shop bce bitte Ey 4) 

99 of ebatd) a NERA bap diaetes RA ne encase 
on. = wa fqmo> s1taris eda to Fruperadiees pee 
seeoioun tenbess anolgan. Hadad baaossorg. bng:~ 1 bs 3V af ado 
akdd sé dove ,advd benttsh citzatmerte ral soiucane wR 6) 


2AM -Lexudea ojnt asanaupsa Pantieb be i na | 


yaBm guidances ne. pte ed a sasedslye nea 4 
wolls: bas sosaupsa ae to, assis it igen oe ep ; 
ee ae eishom avods, ‘aia tq ‘yas ab, tho Isst 
wens sstusiosssds, bas ce ste 
vidtausyex bomrot sip so idiw Bier Si igh 


«Sonsuips2 anlises 


CHAPTER II MODEL BUILDING 

Various models can be postulated to explain the properties of the 
multiplex. These include the invocation of a conformational change 
only, the formation of a Hoogsteen-type duplex or related structures, 
the rearrangement to triplexes and finally the construction of tetra- 
plexes (ordered four-stranded structures). Although other higher- 
ordered complexes may be possible, these are considered the most likely 
to involve specific hydrogen bonds between the pyrimidine and purine 
bases. Various types of hydrogen bonding schemes which might stabilize 
these structures and various experimental approaches which may 
differentiate between these models are considered. 

Single crystal analysis of the interactions of purine and pyrimi- 
dine bases and their derivatives, reveals a wide range of possible 
hydrogen bonding patterns in which almost every possible donor and 
acceptor can participate (Vogt and Rich, 1970). However, ordered 
multistranded structures cannot accommodate all of these possible 
arrangements for two reasons. Firstly, many of the less energetically 
favourable interactions are found only when a more favourable site for 
interaction is chemically modified, which is not the case for these 
synthetic polymers. The converse is also true for one obvious example. 
The purine N-9 position and the pyrimidine N-3 are "blocked" due to 
the formation of the glycosidic bond and unavailable for hydrogen- 
bond formation. Secondly, the structures formed must be isomorphous, 
i.e. residues must be related by symmetry operations. (An example 
will be given in the discussion of the triplex models), These 
restrictions limit the range of models which can be postulated for 


the multiplex. 
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For the purposes of this discussion the bases are assumed to be 
in the anti conformation (X(the angle between N-(pyrimidine C2 or 
purine C4) and sugar Cl1-C2) ~ 90° (Arnett, 1970)) as has Bees found 
for all ordered duplex or triplex structures characterized to this 
time. A possible duplex structure involving r( 8BrA) | with the base 
in the syn conformation (x v 300° (Arnott, 1970)) has been reported 
(Howard et al.,1974) but conclusive evidence in favour of a duplex 
structure has not been presented. 

Watson-Crick hydrogen bonding (Crick and Watson, 1954; Arnott, 
1970) makes use of the purine 1, 2 and 6-positions and the pyrimidine 
2, 3 and 4=positions to form specific AT and GC base pairs (Figure 3 ). 
The formation of these hydrogen bonds reduces the accessibility of 
these sites to various chemical reagents (eg. formaldehyde, Grossman, 
1968; glyoxal, this thesis and Litt, 1969; alkylating agents, Singer, 
1975) but in a B type helix the purine 3 and 7-positions are avail- 
able, in the minor and major grooves respectively, to both chemicals 
(Singer, 1975) and possibly various proteins (Seeman et al.,1976) and 
polyamines (Suwalsky et al.,1969). Im contrast, Hoogsteen hydrogen 
bonding (Hoogsteen, 1959; Arnott, 1970) shown in Figure 3 , involves 
the purine 6 and 7-positions and the pyrimidine 3 and 4-positions in 
base pairing. Note that these positions are now blocked and that the 
purine 1, 2 and 3-positions are available to various probes. Hence, 
the reactions of site-specific chemical reagents may be useful in 
determining which positions are involved in-multiplex stability. Also 
a Hoogsteen GC base pair requires protonation of the cytosine N-3 
which may be detectable experimentally. Although no DNA duplex with 


Hoogsteen hydrogen bonding has been observed, models can be constructed 
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Base Pair Hydrogen Bonding Schemes 
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which have isomorphous base pairs and a related type of hydrogen 
bonding has been observed for the poly rA helix at acid pH (Rich 
et al.,1961). 

Hoogsteen hydrogen bonding has been observed in triplexes such 
as r(U) or (A) ru) (and by analogy d(T) °d(A) sr (U) and d(T) *d(A)_° 
d(T) _) in which the r(U) strand winds in the major groove of the 
Watson-Crick r(A) *r(U) duplex forming specific hydrogen bonds between 
adenine and uracil residues (Arnott and Bond, 1973). The Hoogsteen 
strand is of the same polarity (if the bases are anti as defined 
earlier) as the Watson-Crick purine strand and antiparallel with respect 
to the Watson-Crick pyrimidine strand. Since there is also evidence 
-in favour of the triplex d(TC)_+d(GA)_-r (UCT) (Morgan and Wells, 1968) 
by analogy the all DNA triplex shown in Figure 4 , d(TC)_d(GA)_-d(Tc")_, 
could be expected. The isomorphous pyrimidine’ purine’ pyrimidine base 
triads TAT and cect are stabilized by both Watson-Crick and Hoogsteen 
hydrogen bonds and the Hoogsteen cytosine is protonated at N-3. If 
the keto base t is replaced by g and a0 substituted for the amino base 
et the isomorphous pyrimidine’*purine*purine triads TAG and ccAT can 
be formed (Figure 5 ), again utilizing both Watson-Crick and Hoogsteen 
hydrogen bonding and involving a protonated base, in this case the N-1l 
of adenine. To digress, these figures can also be used to illustrate 
the meaning of isomorphous. If the triads TAT and TAG are superimposed 
upon each other (as in a repeating polymer) then the position of the 
Hoogsteen glycosidic bond (Ny of T and Ng of G) changes sufficiently 
between residues that an ordered structure is not possible and these 
triads are non-isomorphous. For similar reasons d(TG)*d (CA) cannot 
form triplexes as the available purine 6-and /-positions alternate from 


strand to strand along the length of the duplex. This may be the 
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reason why d (TG) -d(CA) does not form a multiplex. Figure 6 describes 
the pyrimidine-purine-purine triads TAA and CGG which are also stabilized 
by Watson-Crick and Hoogsteen hydrogen bonds but involve no protonated 
bases. These are not strictly isomorphous and would not be expected 

in ordered polymer structures although similar triads are involved in 
stabilizing tRNA structure (Quigley et al.,1975; Ladner et al.,1975) 
ave’ Uj 949349 and C1 3G55/MeG, ¢- 

The final variety of model considered is an ordered structure of 
base tetrads called a tetraplex. McGavin(1971) has constructed models 
of the base tetrads ae and ea (Figure 7 ) which are stabilized by 
Watson-Crick hydrogen bonds plus the additional hydrogen bonds formed 
when the two duplexes are brought together. Additionally tetrads 
involving both Watson-Crick and Hoogsteen hydrogen bonds can be 
constructed (Figure 8 ). Both types of tetrads can be formed with 
C.P.K. models and the tetrads of each are isomorphous with each 
other but not with the tetrads of the other type. One obvious 
difference between them is the involvement of a protonated base (N3 
of cytosine) in Hoogsteen hydrogen bonding. Another is more subtle. 

Although the tetraplex described by McGavin can in theory be 
formed by moving the two duplexes together into the proper position 
additional limitations are imposed on the formation of the tetraplex 
with Hoogsteen hydrogen bonding since the second pyrimidine strand is 
parallel to the purine strand of the Watson-Crick duplex. Either of 
two processes are possible. One would involve disruption of the 
original duplex perhaps involving a process akin to branch migration 


with a single polypyrimidine strand first forming a Hoogsteen triplex 


with subsequent incorporation of a polypurine strand from the same or 
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a different molecule into the tetraplex in the proper orientation. This 
second purine strand may be either parallel or antiparallel to the 
Hoogsteen pyrimidine strand. In an alternate process two duplexes 
would approach each other in an orientation such that the pyrimidine 
strand destined to form the Hoogsteen hydrogen bonds has the proper 
polarity(parallel to the Watson-Crick purine strand) with subsequent 
rotation of the bases breaking the Watson-Crick duplex to form the 
structure shown in Figure 8. In this case, the second purine strand 
remains antiparallel to the Hoogsteen pyrimidine strand. Both types of 
rearrangement imply that sites not normally available to chemical 
modification in either the duplex or multiplex may become transiently 


exposed during the rearrangement. 


Both tetraplex and triplex models predict a multiplex which is 
rather inert to chemical reagents although in theory the purine N-3 
is available. There is one additional point to be made. X-ray fibre 
analysis of the triplex r(U) or (A) sr W) (Arnott and Bond, 1973) has 
shown its diameter to be only slightly increased from that of the 
duplex r(A)_*r(U) (minimum effective diameter is 24.6 R compared to 
23.2 & for A’ RNA helix). Also, the diameter of the tetraplex model 
constructed by McGavin is the same as that of the parent duplex. For 
these reasons, it would seem impossible to be able to infer the number 
of strands in the multiplex by careful analysis of electron micrographs, 
regardless of technical problems associated with the spreading, 


staining and shadowing of the sample. 
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Figure 7 Tetrad Hydrogen Bonding of McGavin (1971) 
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CHAPTER III MATERIALS AND: METHODS 


Chemicals and enzymes 

Most chemicals used in these studies were reagent grade and are 
freely available. One exception is Tris base, which was either from 
Schwarz/Mann (enzyme grade) or was purified by passage over Norit to 
remove uv absorbing material. Unlabelled dNTPs were obtained from P-L 
Biochemicals and 34 or Lie dNTPs or NIPs from Schwarz/Mann. CsCl was 
purchased from Pierce Chemical Co. and Cs,80, from Kerr-McGee Chemical 
Corporation. Ethidium bromide was from Sigma, spermine from Nutritional 
Biochemical, glyoxal (v40% aqueous solution) from Fisher and formalde- 
hyde from Fisher. Unlabelled dimethylsulfate was obtained from Aldrich 
and 34 DMS from Amersham/Searle. Norit-A was from Fisher. 

Nucleases were purchased from Worthington Biochemical Corporation. 
The DIII fraction used in. the DNA synthetic reactions is..a byproduct 
eee RNA polymerase purification procedure of Pastas and 
Coy (1972) . pefore use vieewarrasred as described by Morgan et al.(1974). 

Sephadex gels were purchased from Pharmacia, agarose gels from 
Bio-Rad Labs, Hydroxylapatite (Bio-Gel HT) from Bio-Rad Labs and DEAE 
cellulose and phosphocellulose from Whatman. 

RNA polymerase was isolated from E. coli (Burgess, 1969) and was 
a gift of P. D'Obrenan. Various E. coli DNA polymerase preparations 
were used to synthesize the repeating DNAs. No differences in specifi- 
city wereobserved between the various enzymes. Polymerase prepared by 
the method of Jovin et al,(1969)was a gift of M.G. Burrington, T. Elgert 


isolated the polymerase prepared by the method of Heijneker et al, (1973). 
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Ultraviolet Spectroscopy 

All measurements were performed on a Gilford model 2400 spectro- 
photomer equipped with an insulated cell compartment and a recorder. 

Absorbance-temperature transitions were measured at \ = 260nm on 
samples (0.5-1.0 Ay 69)» dialyzed against the appropriate solvent, in 
10mm light path length (0.5ml capacity) quartz cuvettes. The samples 
were purged with helium and tightly sealed. The temperature of the 
cell compartment was regulated by a Haake constant temperature circulator 
filled with ethylene glycol/H,0 and monitored by a thermocouple. 
Transitions were recorded automatically and were reproducable to 
+1.0°C when the temperature was raised 1 degree C/2-3 minutes. These 
values were not corrected for thermal expansion of the solution or 
cuvette. 

Ultraviolet absorbance spectra were determined manually at ambient 


temperature or after melting at the given temperature. 


Ultracentrifugation 


Analytical CsCl or Cs density gradient centrifugation was 


ae 
carried out on a Beckman Model E ultracentrifuge equipped with uv 
optics and for later studies with an electronic scanner. Centrifugation 
was at 48,000 rpm (CsCl runs) or 44,000 rpm (Cs,S0/, runs) for at least 
20 hours at 25°C. The DNA buoyant density was calculated using the 
isoconcentration method (Vinograd, 1963) in which case the initial 
density was determined from the refractive index measured on an Abbe 
refractometer or, more routinely, by including a DNA of known density. 


Values of 8 were from Chervenka(1969) for CsCl and from Morgan and Wells 


(1968) for Cs,SO,. 
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Sedimentation velocity centrifugation of DNA was carried out using 
a Vinograd type 1 band forming centrepiece. Usually, centrifugation was 
at 48,000 rpm with 8 minute photographs for synthetic DNAs, 44,000 for 
natural DNAs. Solvents used were 0.1M NaCl, 0.9M NaOH for alkaline 
runs and 10mM Tris HCl pH 8.0, 2.83M CsCl for neutral runs 


Corrections for the viscosity and density of the media were from Studier 


(1965) for alkaline runs and from Gray et al.(1971) for neutral runs. 
Sedimentation coefficients and molecular weights were calculated 


according to Studier(1965). 


Electrophoresis 

SDS polyacrylamide gel electrophoresis was performed as described 
by Weber and Osborn(1969). Recrystallized acrylamide was not used but 
the stock solution of 29% (w/v) acrylamide and 1% (w/v) methylenebis- 
acrylamide was purified by stirring with Norit (5 grams per 100 mls 
solution) and filtering under vacuum through a Millipore filter 
(Pulleyblank, 1974). Tube gels were run using a Canalco apparatus 
with a Buchler power supply. Gels were stained 2 hours in 0.2% Coomasie 
Brilliant Blue in 45% (v/v) MeOH, 10% (w/v) acetic acid and destained 
with a Canalco destainer using a 7.5% (v/v) acetic acid, 10% (v/v) 
methanol destaining solution. These were traced with a Gilford 


Spectrophotometer equipped with a gel scanner at A = 540nm. 


Natural and synthetic DNAs 


Bacterial DNAs and calf thymus DNA were purchased from Worthington 
or in some cases isolated by standard techniques (SmLth +1967)". 
Phage DNAs were extracted from isolated phage using a 3 to l 


mixture of redistilled chloroform and n-butanol. These were then 
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dialysed against 10mM Tris HCl pH 8.0, 0.1mM EDTA and frozen (=20-¢) in 
the same buffer. TL phage was prepared by the method of Summers and 
Szybalski(1968) and A phage from heat induced E.- coli CSH45 (F- carrying 
a X lysogen with a temperature sensitive repressor). PM2 CCC DNA was 
isolated by a modification of the method of Salditt etal. (1972). 
Synthetic DNAs were synthesized with either chemically synthesized 
oligomers (eg. see Wells etUjala197/70; Morgan et al.,1974) or previously 


defined polymers as templates. The buoyant densities in Cs at pH 


rE 
7.0 and the TS in~SSC/10" of. the By ru. DNAs used in this study are 
given in Table 3 and are in agreement with previously reported values. 


A plot of (in SSC/10) against mole fraction G+tC is a straight line 


Ty 
forea mole fraction GHC’ 0.33 to 1.00 (Figure 9° ). Extrapolatinge. to 
0.00 mole fraction GtC gives a value of 47°C. The Py us DNA 

d(T) -d(A) is the only Eye Eas DNA to have a Ty greater than the 
corresponding DNA with pyrimidines and purines in the same strand 

when no divalent cation is present, Also, a plot of p Cs,S0, against 
mole fraction GtC (Figure 9 ) approximates a straight line, this time 
with d(C) -d(G) falling off the line at ao Cs,S0,, of 1.467g/cc. 
Extrapolation of this plot to 1.00 mole fraction GtC predicts a value 
of 1.443g/cc which is close to that reported for d(GC)_ (1.448g/cc) by 
Wells et al.(1974). These relationships (Ty and 0 Cs,S0/) are presented 
to emphasize the differences of Py Pu, DNAs, especially of extreme 
base compositions, when compared to natural DNAs. Also, they were 
useful in predicting approximate base compositions for unknown 

re DNAs such as those synthesized from L cell pyrimidine tracts 


using methods described in the section on the replication of 


ey eu DNAs. 
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Om Pu. DNA te) Cs,S0, (g/cc) Ty 6 C) 
d(T) -d(A) | 1.419 54.0 
d(TTC) -d(GAA) | 1.427 60.5 
d(TC) *d(GA) | 1.430 68.0 
d(TCC) -d(GGA) _ AUX te 15.0 
d(C) +d(G) 1.467 88.0 
d(BruC) -d(GA) | 1.481 ¥520 
TABLE 3 Physical Properties of the Py Fu, DNAs Used 


In These Studies 


1. determined in 10mM potassium phosphate, pH 7.0 with either 


A DNA (1.426g/cc) or M,. single-stranded DNA (1.4465g/cc) 


3 


as an internal standard. 


2: Ty buffer was SSC/10. 
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MOLE FRACTION.G#C |= 


9 Plots rot Ty and 0 Cs,S0/, Versus Mole Fraction G+tC 


For Synthetic Pye ors DNAs 


Figure 


AY Ty (SSC/10) plotted as a function of mole fraction GtC 
(solid line) and extrapolated to 0.0 mole fraction G+tC 


(broken line). Actual values are given in Table 3. 


B. f°) Cs,S0/ at pH 7.0 plotted as a function of mole fraction 
G+tC (solid line) and extrapolated to 1.0 mole fraction G+C 


(broken line). Actual values are given in Table 3. 
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Synthetic DNAs were replicated in reaction mixtures containing 0.05M 
potassium phosphate pH 7.5, MgCl, in excess over total deoxy 5'-triphos- 
phate by 5-10mM, 2mM each dNTP (for d(TC) *d(GA) ), DIII fraction 
diluted 1/100, 10ug/ml tRNA to inhibit endonuclease 1 activity in the 
DIII fraction, 50pg/ml DNAse I (which provides primers to stimulate 
the reaction but at this level does not degrade the product), 10-25yg/ml 
template and 10-20ug/ml purified DNA polymerase. For a template such 
as d(TTC) -d(GAA) _, dGTP and dCTP were present at 1mM each and dTTP 
and dATP at 2mM each. Incubation was at 37°C and synthesis was 
monitored using the neutral ethidium fluorescence assay with known 
standards. If a contaminating side reaction (d(AT) | synthesis) was 
detected by a return of after heat fluorescence, then the reaction was 
immediately terminated. In any event, synthesis was terminated after 
4-6 hrs by the addition of 0.1% SDS, 20mM EDTA (final concentrations) 
and heating for 10 minutes at 55°C. The product DNA was isolated by 
chromatography over Agarose 15M, in 10mM Tris HCl pH 8.0, O.1mM EDTA, 
(from which it was excluded), concentrated, dialysed against the same 
buffer and stored in the same buffer at -20°C. These procedures are 


described by Morgan et al.(1974). The synthesized DNAs were character- 


ized by uv absorption, fluorescence in EB solutions, buoyant density and 


melting temperature. Their molecular weights ranged from 3-5x10° daltons. 


Ethidium Fluorescence Assays 

Many of the assays used in this work have been described by 
Morgan and Paetkau(1972) or Morgan and Pulleyblank(1974). Only a 
brief summary is included here. For a description of the properties 


of the ethidium-DNA complex see LePecq and Paoletti(1967). 
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When ethidium intercalates into duplex structures a 50-fold 
fluorescence enhancement is observed which is dependent on the integrity 
of the duplex structure. Most synthetic DNAs, when heat denatured 
(usually 2 minutes at 95°C) under low ionic strength conditions at 
about neutral pH, do not reanneal and show a complete loss of fluorescence. 
Self-complementary polymers such as d(AT) | or covalently linked comple- 
mentary structures show a return of fluorescence, after the heat step, 
proportional to the amount of duplex reformed, a property which can 
be used to differentiate the two classes. Duplex DNA, heat denatured 
at neutral pH, gives a 50% return of fluorescence due to the formation 
of intramolecular duplex regions. These can be selectively destabilized 
with respect to native DNA by raising the pH and thus when natural 
DNAs are measured an alkaline ethidium buffer is used. 

The neutral ethidium mixture contains 5mM Tris HCl pH 8.0, 0.5mM 
EDTA and 0.5ug/ml ethidium bromide while the alkaline ethidium mixture 
contains 20mM potassium phosphate pH 11.7, 0.4mM EDTA, 0.5yug/ml1 
ethidium bromide. Both assay systems are sensitive (0.5 - 1.0yug DNA/ 
assay point) and since normally a 1/200 dilution of sample into the 
ethidium mixture occurs, interference by any compound in the reaction 
mixture is usually negligible. 

Any ligand which modifies (usually reduces) the binding of ethidium 
can be assayed with this system (see especially Appendix I for the 
reactions of chemical reagents with DNA). The use of CCC DNA as a 
substrate for various enzymes in combination with the ethidium assay 
is described in Morgan and Pulleyblank(1974), Appendix I and where 


necessary in the text. 


All measurements were made on a Turner Spectrofluorometer, model 
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430, with 525nm the excitation wavelength and emission at 600nm, at 


25°C. Machine fluctuation was monitored by the use of a DNA standard. 


Radioactive Counting 

Samples were pipetted onto prewashed (0.1M Na pyrophosphate) Whatman 3MM 
paper discs and washed 3 x 10 minutes with ice-cold 5% (w/v) trichloro- 
acetic acid and 1 x 5 minutes with ethanol. These were then dried and 
counted in a toluene based scintillation fluid (4g Omnifluor (New 
England Nuclear)/litre toluene) to determine TCA precipitable or acid 
precipitable counts. Samples which contained water and salts were 


counted in Aquasol (New England Nuclear). 


Multiplex Studies 

Rearrangement of Py, Pu, DNAs to form multiplexes was normally 
monitored by the use of modified ethidium fluorescence assays which 
varied depending upon the specific requirements of the experiment but 
all included buffers at low pHs. LePecq and Paoletti(1967) have 
shown that the enhanced ethidium fluorescence is observed at any pH 
value where duplex DNA is stable which includes pH 4.0, the lowest 
value used in these experiments. Since divalent metal ions (Mg 
usually although ane can substitute) or monovalent cations (usually 
100. - 1000nM) are needed for the rearrangement and are essential to 
the stability of the multiplex, one or the other is included in the 
ethidium assay buffer. If the concentration of ethidium in the buffer 
used for rearrangement is >2ug/ml no loss of fluorescence is observed 
presumably due to stabilization of the initial duplex. The inclusion 


of salts or metal ions in the ethidium buffer diminishes the fluor- 
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escence per mole nucleotide. Although the neutral ethidium assay 
requires only 0.5 - 1.0ug of DNA per reading, inclusion of salts 
necessitates the addition of larger amounts of DNA. 

Preparative Cs,S0/, buoyant density gradients of rearranged 
material were performed as follows: the appropriate double-labelled 
polymer (labelled with 35 dAMP and 146 dTP, counted with narrow 
channels to reduce he spillover into the 34 channel) was incubated 
at VLA, 66 in 1 ml of 0.1M Na acetate pH 5.0, 0O.1mM EDTA, 0.5M NaCl for 
up to 4 days at room temperature. Then solid Cs,S0, was added to 45% 
Saturation and the volume increased to 5ml with a final Na acetate 
concentration of 0.05M. Two 100u1 samples were pipetted onto filter 
paper discs, washed and counted. The remaining material was centrifuged 
imaeDUlL. rotor, at’20.C,. at, 35,000 rpm for 60 — 70 hrs on a 
Beckman L2-65B. Gradients were fractionated with the aid of a peristaltic 
pump (LKB) directly onto filter paper discs, washed and counted as 
described. 


EB/Cs SO, gradients were run on a Beckman Model E analytical 


2 


ultracentrifuge. Ethidium concentrations were calculated using the 
extinction coefficients of Gray et al.(1971). 

Circular dichroism measurements of d(TG) -d(CA) and rearranging 
d(TC)_ *d(GA) | were recorded on a Cary 60 Spectropolarimeter equipped 
with model 6001 circular dichroism accessory and thermostated cell 
(25°C). Data treatment was according to Wells et al.(1970). For 
d(TG)_-d(CA) an extinction coefficient of 6.5 x 10° at 260nm was 
used and E 260 for d(TC) *d(GA) Was) o./ x 10° (Morgan and Wells, 1968). 


P 
Solutions were filtered through a Millipore filter (HAWP 02500, 0.45n) 


before use. 
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Titration of rearranging d(TC) *d (GA) | with 
0.0113 M HCl (prepared,stored and standardized with NaOH as 
described in Skoog and West) was performed on 10ml aliquots of 
d(TC) +d (GA) | (~ 0.5mM solutions) dialysed (3 x 2 litres, overnight 
each) against 0.5M NaCl, 1.0uM EDTA pH 7.4. Solutions were purged 
10 minutes with N, before titration and over the period of titration 
(3 - 4 hours) N, was constantly bubbled through the solution as shown 
in Figure 10 . HCl was delivered viaan 'Alga' Micrometer All-glass 
Syringe (Wellcome Reagents Ltd.) which was calibrated by weight. 
Experiments were performed using a Radiometer 26 pH meter, Titrator II 
and Titrigraph SBR 2c connected to a Radiometer GK2302C electrode by 
titrating from neutrality to pH 4.5 with the aid of the pH stat 
accessory over a long time period. The electrode was standardized 
immediately before the initiation of titration and checked immediately 
afterwards. Appreciable drift was not observed. The solution was 
constantly mixed with a magnetic stirring bar. Data are presented as 
volume HCl versus time since d(TC) -d(GA) | undergoes rearrangement over 
a long time period. Controls (buffer alone or buffer with calf thymus 
DNA) were titrated to correct for the amount of acid necessary to 
titrate from pHv7.0 to 4.5 in the absence of reaction and also the 


small amount of acid taken up over the time course of the experiment. 


Reaction of Chemicals with DNAs 


Formaldehyde, glyoxal and dimethylsulfate were reacted with both 
aqre), -d(GA). at pH 7 - 7.5 and the corresponding multiplex at pHv5.0, 
n n 
with the extent of reaction monitored by a variety of means. 


i : ith dimethyl sulfate at pH 7.0 was in 
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a solution containing vl Ane d(TC) -d(GA) 0.2M Na cacodylate pH 7.0 
(Uhlenhopp and Krasna, 1971) and 0 - 0.1M dimethyl sulfate at 37°C for 
one hour. The extent of reaction (i.e. total bases modified) was 
determined by passing reaction mixtures of d(TC)_+d(GA) | that had been 
reacted with 34 DMS plus increasing concentrations of unlabelled DMS 
(specific activity determined by isotope dilution) through a Pasteur 
pipette-sized Agarose 15M 200-400 mesh column equilibrated with 0.2M 
Na cacodylate pH 7.0. The excluded material (all the TCA precipitable 
counts) was counted in Aquasol (New England Nuclear). The standard 
curve obtained is shown in Figure 11 and is similar to that obtained 

by Uhlenhopp and Krasna for calf thymus DNA (also for A DNA, 

determined by a different method, Hansen Hsiung personal communication). 
To determine the distribution of eremeuny lated products, markers 

were added, reaction mixtures were made 1.0 N in HCl and depurinated by 
heating 10 minutes at 95°C in a sealed tube. The mixture was spotted 
on cellulose thin layer plates (Eastman #13255) with known markers 

and developed with butanol/concentrated ammonium hydroxide/water: 
86/5/14 (v/v). Preliminary experiments with labelled d(TC)_*d(GA) 

DNA (either in a or g) showed that the only major products were 


7-Meg, 7-Mea and 3-Mea. Standards of these were obtained from P-L Bio- 
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chemicals (7-Meg) and Vega-Fox Biochemicals (3-Mea, /-Mea; also 1-Mea, 1-Meg, 


3-Meg). In this solvent system, relative to 7-Meg which migrated slowly, 


7-Mea and 3-Mea had a Ro M of 3.3 and 5.8 respectively. At all concen- 


trations of DMS up to 0.1M the relative proportion of methylated products 


was 185.5% 7-Meg, 17.5% 7-Mea and 17% 3-Mea (12.2/1.1/1). The usualty 


Observed ratio of 7-Meg/3-Mea is v6/1(Uhlenhopp and Krasna,1971) with 


7-Mea not usually quantitated. The reasons for this difference have 
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Standard Curve For The Reaction of Dimethyl Sulfate 


Figure 11 
With d(TC)_*d(GA) 


Reaction conditions are given in Materials and Methods. 
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not been systematically investigated but may be related to the structure of 
these DNAs. Methylation of RNA with DMS also leads to the formation 

of 7-Mea and 3-Mea (~ 3:1) with 7-Meg accounting for 80% of the methylated 
bases (Singer, 1975). Although the methylation of DNA is “qualitatively 
similar" (Singer, 1975) to the methylation of RNA the ratio of 7-Mea/3-Mea 
is %l:4 in the few cases where they have both been quantitated. We have 
found a ratio closer to 1:1 which may reflect differences in the struc- 
ture of Py Pu, DNAs which should be investigated further for a series 

of these DNAs with different base compositions. As discussed in the 
Introduction d(TC)_*d(GA) | may have an "A" like structure which would 
explain this discrepancy. In any event, regardless of the value one 
assumes for the ratio 7-Mea/3-Mea the preponderance of 7-Meg is the most 
important consideration. Combination of these data with the results 

from calculations of the total bases modified reveals that for an 

average Py Pu, DNA of 500,000 daltons (v 750 base pairs), as expected, 
mostly 7-Meg is modified (up to 34.5% of g is /-Meg at a 0.1M DMS 


concentration (Table 4 )). 


The effect of methylation on the ability of d(TC) *d(GA) to form 
a multiplex was determined by fluorescence loss and shift in buoyant 
density when the pH was lowered. The most highly methylated sample of 
d(TC)_*d(GA) | (7H dGMP] showed no loss of TCA precipitable counts 
after the 1.5 hr incubation time used to form the multiplex at 37°C 
and pH 5.5. This was taken as evidence that no large amount of de- 
purination had occurred. Reaction of unlabelled DMS with the 


d(TC) -d(GA)_ multiplex was estimated by the resulting reduction in 
n n 


melting temperature (Uhlenhopp and Krasna, 1971). Mixtures of the 
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(a ee ere me oS 2 Oe 


[DMS ] % Purines Methylated Distribution of Main 
mM Methylated Products* 


g 7-Meg._. a 7-Mea 3-Mea 


0 0 375 On 37S 0 0 

20 2.6 358 Li Jers 1 ba 125 

40 10.6 317 63, S63 6 6 

60 1 Bs 290 65: Fool 7 7 

80 16.4 270 105s pa 357, 9 9 
100 20.2 245 1308355 Jit iE 
TABLE 4 Mid of Products of Reaction of d(TC) -d(GA) | 


With Dimethyl Sulfate at pH 7.0 


*Calculated for an "average" d(TC)_ *d(GA) of 750 base pairs 


(5 x 10° daltons). 
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d(TC) *d(GA) | multiplex at 0.5 An 60 and a natural or synthetic DNA which 
does not form a multiplex (used as an internal control) were reacted at 
37°C for 1 hour with varying concentrations of DMS in 0.2M Na 
Cacodylate pH 5.5 and then dialysed overnight at 4°C against 5mM Na 
acetate pH 5.0, 25mM NaCl. Tys were determined as described before. 
In this buffer system, the d(TC)_-d(GA) | multiplex had a Ty OGu8e.5 C, 
d(TTG) -d(CAA) | (gift of V. Paetkau) melted at 65.3°C and C. perfringens 
DNA at 64.3°C. 

Formaldehyde (boiled 95°C for 10 minutes before use) and glyoxal 
reactions were monitored spectrophotometrically at A = 275nm and from 
the Ay 39/A959 


with deoxynucleoside 5'-monophosphates and single-stranded and double- 


ratio respectively. For both reagents, the reactions 


Stranded polymers were investigated as controls (Grossman, 1968; Broude 
and Budowsky, 1971). Conditions for the reaction with duplex DNA 


were 10mM potassium phosphate pH 7.5, 1mM EDTA, 1A d(TC) *d(GA) | 


260 
3% (w/v) formaldehyde (or 0.1M glyoxal) at 95°C for 5 minutes then 

2 hours at 37°C. One half the sample was incubated in 50mM Na acetate 
pH 5.0, 0.25M NaCl, (conditions in which d(TC) _ and d(GA) | reanneal to 
form a multiplex), the other half dialysed versus 50mM Tris HCl pH 9.5 
at 4°C to remove any adduct and then checked for the ability to form the 
multiplex. Glyoxal addition was freely reversible giving a product, 
after pH 5.0 incubation, with a Ty of 91.5°C and a buoyant density of 
1.471g/cc. Interpretation of the reaction with formaldehyde is more 
difficult since the adduct is not completely stable at pH 5<0¢aseia 

the case with glyoxal. However, as judged by hyperchromicity, the 


dialysed sample was 63% multiplex (1, 91.5°C) and the undialysed 


sample was 28% "multiplex" with a T,, of 86°C. Reaction of formaldehyde 
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with the d(TC) -d(GA) | multiplex was carried out in 50mM Na acetate pH 
5.0, O.1mM EDTA and 0.2M NaCl, 3% (w/v) formaldehyde at 23°C, (under 
these conditions the reaction with mononucleotides is v70% complete 


in 1 hour as judged by the change in A while d(T) *d(A) shows no 
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reaction.) Glyoxal reaction conditions were 1 An 6g d(TC)_ -d(GA) | 
multiplex, 10mM Na acetate pH 5.0, 0.1mM EDTA, 50mM glyoxal, 0.2M 
NaCl at 30°C (under these conditions the reaction with 5' pdG is 

complete in 25 hours, the reaction with d(G,A) complete in 80 - 90 


hours (both calculated from absorption spectra) and the reaction with 


E. coli DNA after 8 days results in a decrease in Ty of 1005.0) 


Replication of d(TC) -d(GA)_ in the Presence of Base Analogues 
7+MedGTP was prepared by the direct methylation of dGTP in a reaction 

mixture containing 0.5M Na cacodylate pH 7.0, 50mM dGTP and 250mM 
dimethylsulfate at 23°C for 1 hour followed by separation on DEAE 
cellulose (HCO, ) with a gradient 0 - 0.5M in triethylammonium bicar- 
bonate pH 7.7 (Smith and Khorana, 1963). 7-MedGTP was characterized 
by its uv absorption spectra at alkaline and neutral pHs, its 
electrophoretic mobility in 50mM potassium phosphate pH Jo. and 
by its chromatographic behaviour on polyethylene imine plates with 1.0M 
KCl as solvent (both indicative of net charge corresponding to a 
diphosphate) and the chromatographic properties of the nucleoside 
after bacterial alkaline phosphatase hydrolysis (corresponding to 7MedG 
when run on paper with (NH, ) 80, /H,0/2-propanol (79/19/2(v/v)) as solvent). 
Replication of d(TC)_ +d (GA), was carried out (see page 44, this thesis) with 

varying concentrations of 7‘MedGTIP except that 14 cacte (2110cpm/nmole), 


dTTP and dATP were at a concentration of 1mM each (in the presence or 


absence of 1mM dGTP) 
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Figure 12 Structures of Purine Deoxynucleoside Analogues 
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Deoxytubercidin was a gift of W. Muhs of the Chemistry Department, 
University of Alberta. It was converted to the triphosphate (Figure 12 ) 
by a combination of chemical and enzymatic reactions as described in 
Appendix 2. 6-MedATP (Figure 12 ) was prepared from dAMP by the method 
of Griffen and Reese (1962). Methylated 1-MedAMP was converted to 
6-MedAMP by titration to pH 11 with ammonium hydroxide and incubation 
overnight at 45°C and isolated by chromatography over a Bio-Rad Ag 1x2 
(formate) with a linear gradient 0 - 1.0M in formic acid. The isolated 


product had the spectral characteristics eae Hel 


26/7nm) and chroma- 
tographic properties expected for 6-MedAMP. Conversion to the triphos- 
phate was achieved by enzymatic means. Replication of d(TC) *d(GA) was 
attempted using a coupled enzyme system containing 0.05M potassium phos- 


phate pH 7.2, 0.025M MgCl 0.01M phosphoenolpyruvate, 2mM each dTTP, 


9? 


acre, -dGre, 0.5 JA d(TC) -d(GA) DNAse I, DIII and tRNA as before, 
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5mM deoxynucleoside 5'-monophosphate (dAMP, dTuMP or 6-MedAMP), 130yg/m1 
phosphoenolpyruvate synthetase and 10ug/ml E. coli DNA polymerase 1. 
Under these conditions, at 37°C, 30 fold net synthesis is observed with 
dAMP as the adenine substrate after 5 hours. 

Reaction conditions for the sythesis of the DNA*RNA hybrids were 
0.05M Tris HCl pH 8.0, 0.01M MgCl, 0.4 Ane d(TC) 0.25mM rATP (or 
analogue), 0.25mM 14, rGTP (2320 cpm/nmole) and 250yug/ml RNA polymerase. 
Analogues were gifts of M. MacCoss of the Chemistry Department (TuMP, 
FMP) or synthesized by the method of Griffen and Reese (1963) (6-MeAMP). 
These were converted to the triphosphate enzymatically as described in 
Appendix 2. The hybrids synthesized with ATP, TuTP, or formycin 5'- 


triphosphate (Figure 13 ) all yielded less fluorescence per nmole DNA 


than d(TC) +d (GA). in the neutral ethidium assay. If d(TC)_-d(GA) is 
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Figure 14 Polyribopurine Synthesis With ATP Analogues 


d(TC) _°d(GA) was used as a template for E. coli RNA polymerase 


catalysed polyribopurine synthesis. Various ATP analogues were tested 


for their ability to substitute for ATP. 
O ATP A Tubercidin 5'-Triphosphate oO ara ATP 


@ 6MeATP A Formycin 5'-Triphosphate 
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substituted for d(TC) as template at a concentration of 1 An6o then 
these analogues, and others can be incorporated into polyribopurine 


(Figure 14 ). 


Synthesis of the Random Py “Pu, DNA d(T,C)_ *d(G,A)_ 
Random d(G,A)_ was synthesized in a reaction mixture (10 ml) con- 


taining 40mM K cacodylate pH 7.0, 10mM MgCl, 1mM DTT, 2mM dATP, 2mM dGTP, 


»? 
0.1 AnegPTy_s and 0.1mg/ml TDT1 (Bollum's enzyme) (6800U/mg) (Appendix 
III ). After incubation for 4 hours at 37°C the reaction mixture was 
chromatographed on a Sephadex G-100 column equilibrated with 0.5M 

NH, HCO., pH 8.5, 6.0M urea (Stanley, 1967) and developed with the same 
solvent. The product d(G,A) was excluded, implying a chain length 

> 100 (Stanley, 1967). This excluded material was dialyzed vs 10mM 
NaOH, then 1mM NaOH and adjusted to pH 8.0 by the addition of 1.0M 

Tris HCl to 10mM. Total D560 recovered was 3.85. 

In order to synthesize the complementary strand, d(G,A)_ was 
incubated with E. coli RNA polymerase in a reaction mixture (1 m1) 
containing 50mM Tris HCl pH 7.5, 10mM MgCl, lmM DTT, 0.97 Aneo d(G,A) | 
0.28mM fe CTP (2250 cpm/nmole), 0.24mM UTP and 0.11 mg/ml RNA polymer- 
ase (Burgess, 1969) for 3 hours at 37°C to provide a primer and then 
34 dTTP (1220 cpm/nmole) and dCTP to v 0.5mM were added along with 
30ug E. coli DNA polymerase (1.94 mg/ml, 1800 dAT units/mg (Jovin 
et al, 1969)). Incubation was continued for 7 hours at 37°C and then 
extended for 3 hours with an additional 10ug of DNA polymerase. The 
product d(T,C)_ *d(G,A), > after incubation with 20mM EDTA, 0.1% SDS 


10 minutes at 55°C, was isolated on a Sephadex G-100 column developed 


with 10mM Tris HCl pH 8.0, 0.1mM EDTA. 0.66 OD. 66 were recovered (50%). 
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The excluded material was 70% double-stranded as judged by the 
incorporation of 34 dIMP into TCA precipitable material and 65% 
double-stranded as judged by hyperchromicity when "melted" in 1/10 SSC. 
(Ty 165.5°C equivalent to a GtC content of 42% (data of Wells et al., 
1970 and of author)). The An6g/Ango ratio was 1.719 and maximal absorb- 
ance was at 254nm. No after heat fluorescence was observed. 

Identical conditions were used when net synthesis was measured 
either at 37°C or 41°C with all four deoxynucleoside triphosphates at 
a concentration of % 0.5mM. Synthesis was monitored by the neutral 
ethidium fluorescence assay, as well as incorporation of radioactivity 


into TCA precipitable counts. 


Reactions with Glyoxal 

The standard conditions for the reaction of glyoxal with polymers 
were 10mM potassium phosphate pH 7.5,1.QmM EDTA, 50% (v/v) EtOH (spectral 
grade), v 0.1M glyoxal (Fisher v 40% aqueous solution) and DNA (usually 
uf Argo) > Modifications are noted in the figure legends. The extent 
of reaction was monitored by removal of aliquots into the alkaline 
ethidium mixture (for natural DNAs) or neutral ethidium mixture (for 
synthetic polymers). 

Denaturation maps were prepared from micrographs of partially 
denatured \ DNA spread by the formamide method of Davis et al.(1971) which 
were traced onto Albanene tracing paper using a Nikon Shadowgraph 6C, 
measured with a KE map measure and presented as according to Inman(1967). 

Under the denaturation conditions the loss of fluorescence is 
related to, but greater than, the extent of denaturation visualized 


in the electron micrographs, perhaps due to reannealling of the partially 
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denatured DNA as the sample is processed (Inman, 4967 Die 

Irradiation of crosslinked PM2 DNA was performed as described in 
Denniss and Morgan (1976) in the alkaline ethidium solution. 

When Py Pu, DNAs were derivatized for the removal of d(AT) | 
the conditions were modified as follows: the DNA was incubated for 5 
minutes at 95°C in the absence of ethanol (which is no longer necessary 
to aid denaturation) and then for an additional 2 hours at 37°C to ensure 
derivatization. Hydroxyapatite separation was performed by the batch 
procedure of Paetkau and Langman(1975). Since both ethanol and glyoxal 
were found to interfere with the separation the ethanol was omitted and 
glyoxal in the reaction mixture was reduced to 5mM. During the 
absorption step in 50mM potassium phosphate pH 6.8 buffer a further 1/4 
dilution was effected. Although Langman and Paetkau observed that 
0.16M potassium phosphate removes single-stranded DNA selectively, it 
was found that d(AT) elutes at a phosphate concentration as low as 
0.14M. Therefore, only the material eluting between 0.05M and 0.12M 
potassium phosphate was combined. Dederivatization was accomplished by 
titrating this fraction to pH 12 with KOH and heating for 10 minutes 
at 95°C, followed by dialysis vs 1m NaOH. 

For the separation of d(TC) | and d(GA) | the reaction conditions were 
10mM potassium phosphate pH 7.5, 1mM EDTA, ~ 0.1M glyoxal and d(TC) ° 
d(GA) | (v1 Aye): Derivatization was performed by heating 10 minutes 
at 95°C, then 2 hrs at 37°C, after which an equal volume of 50m Tris 
borate pH 8.3 was added and the sample adsorbed to a DEAE cellulose 
column equilibrated in the same buffer. The column was developed 


first with a gradient of NaCl (OM - 2.0M) in Tris borate, then with 


0.5M NaCl, 0.1M NaOH. Glyoxal was removed as described for the 
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d(AT) | separation and fractions were dialyzed vs 1mM NaOH. Occasionally 
the isolated strands were contaminated with the complementary strand 

at a level of 24 - 5%, perhaps due to incomplete strand separation. 

This double-stranded material can be removed by the hydroxyapatite 
procedure described previously. 

When the polymer ace) (Hc) +a(ca)_ (ca) was subjected to either 
strand separation or removal of added d(AT) | by these procedures and 
losses of radioactivity monitored, the greatest losses occurred in 
steps involving dialysis and these were subsequently limited to as 
few as possible. However, losses of single-stranded material during 
dialysis remains a problem, perhaps due to losses of material through 
the dialysis membrane as glyoxal treatment reduces the molecular 
weight of these polymers. Also, during the hydroxyapatite step 
losses of ¥ 10% - 15% occur because d(AT) | elutes at a lower [P,] than 
expected for a normal double-stranded polymer, and thus the single- 
stranded material that would be contaminated with d(AT) | must be 
discarded. DEAE cellulose chromatography of d(TC) | and d(GA) | results 
in a loss of material on the column which is not removable by 5M NaCl 


or 1mM NaOH and leads to poor recovery. 
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CHAPTER IV. FORMATION OF Py,*Pu, MULTIPLEXES 


Py Pu, DNAs which contain repeating sequences and G-C base pairs 
undergo a reversible strand rearrangement in solutions of moderate 
ionic strength when the pH is lowered to <6. The formation of these 
structures which we have named multiplexes results in a number of 
changes in the physical and chemical properties of these Py,*Pu, DNAs, 
alterations which can be useful both in characterizing these structures 
and monitoring the extent of rearrangement. 

As rearrangement proceeds the fluorescence due to intercalated 
ethidium decreases as shown in Figure 15 for d(TC) -d(GA) incubated 
under a variety of conditions. This fluorescence loss is dependent 
on the presence of monovalent or divalent cations (here 0.1M NaCl or 
1mM MgCl.) and the rate of fluorescence loss increases as the concen- 
tration of these ligands is increased. After extended incubation, 
the residual fluorescence is 5% - 15% of the original fluorescence 
perhaps indicative of an equilibrium between d(TC) +d (GA) | which 
binds ethidium and exhibits fluorescent properties and multiplex which 
does neither. This residual fluorescence and amount of residual 

duplex is lowered by decreasing the buffer pH or increasing the 
incubation temperature. Analysis of analytical Cs,S0/, density gradients 
shows that in the presence of ethidium there is a small buoyant 
density decrease compared to the value without ethidium present noted 
for the d(TC)_ +d(GA) multiplex (v10 mg/cc) while the buoyant density 
of } DNA, which does not form a multiplex, decreases by Vv 66 mg/cc. 
The ratio of these two values (0.15) approximates the residual fluores- 
cence of the d(TC)_ +d (GA), multiplex suggesting that the loss of 


fluorescence is due to ethidium exclusion. The Py Pu, DNAs d(TTC) 
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Figure 15 Rearrangement of Py Pu, DNAs Monitored by the 


Ethidium Fluorescence Assay 


A. Requirements for the rearrangement of d(TC) -d(GA)_ (6.5yg/m1) 
5mM Na acetate pH 5.0, 2mM MgCl» ss = 

5mM Na acetate pH 5.0, 1mM MgClo 

5mM Na acetate pH 5.0, 0.1M NaCl 

5mM Na acetate pH 5.0, O0.5mM EDTA 


anw ® 


B. Rearrangement of various polymers in 5mM Na acetate pH 5.0, 
2mM MgClo 


Ps d(TC) +d (GA) | a d(C) “d(G) Oo d(TTC) -d(GAA) | 
v d(TCC) _*d(GGA) 


In addition all incubation mixtures contained ethidium bromide 


at a concentration of 0.5yg/ml. 


Rearrangements were carried out at room temperature. 
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d(GAA) _, d(TC) *d(GA)_, d(TCC) *d(GGA) | and d(C) *d(G) all exhibit this 
fluorescence loss at low pH but d(T) -d(A) | does not suggesting that 

G-C base pairs are in some way necessary (Figure 15b). Natural DNAs 

and synthetic DNAs with pyrimidines and purines in both strands (eg. 
d(TG) *d(GA) or d(TTG) *d(CAA) _) do not form multiplexes. 

The presence of ethidium slows the rate of fluorescence loss. 

At concentrations > 2yg/ml ethidium bromide no rearrangement is 
observed (as monitored by fluorescence loss). Therefore, although 
this technique is useful in practical terms, the rearrangement is 
affected by the presence of ethidium. 

Other Py Pu, DNAs were investigated for the ability to form 
multiplexes. A DNA isolated from E. coli (gift of M. Coulter) was 
judged Eyer both by its mode of replication (no CLC DNA synthesis 
observed, see section on the replication of ryarun DNAs) and by 
characterization with transcriptional assays using E. coli RNA poly- 
merase (the incorporation of labelled rGMP into TCA precipitable 
material was dependent upon the presence of rATP and the incorporation 
of labelled rAMP upon rGMP but neither reaction was dependent upon 
the presence of rUTP or rCTP). It had a buoyant density in Cs,S0, 
at pH 7.0 of 1.424g/cc and a Ty in SSC/10 of 68°C suggesting a G+C 
content of 50%. When incubated at pH 5.0 both the fluorescence loss 
and a buoyant density shift (discussed later) indicative of 
multiplex formation were observed. The random Py “Pu, DNA d(T,C) ° 
d(G,A) synthesized for the Pyaceun replication studies did not show 
rearrangement, pointing out the need for a repeating sequence. Finally, 
L cell pyrimidine tracts (gift of H.C. Birnboim) were repaired and 


replicated by the same techniques described for the random Py Pu, DNA. 
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From the pattern of synthesis and analysis of the products it was con- 
cluded that one or possibly a small number of sequences were selectively 
amplified, a different set for each reaction mixture. When these were 
tested for fluorescence loss, some of the preparations exhibited the 
expected loss of fluorescence but one did not. These results indicate 
that the source of the Pynenur DNA is unimportant and that the ability 
of the DNA to form a multiplex is an inherent property related to the 


type of sequence. The exception mentioned had a T. in SSC/10 of 54°C 


M 
and a buoyant density in Cs,S0, at pH 7 of 1.421g/cc consistent with 
it being an A-T rich DNA. Thus a certain mole fraction of G-C base 
pairs may be necessary for rearrangement. Since synthetic polymers 
with repeating sequences of four or larger replicate very poorly the 
in vitro synthesis of defined DNAs with G+tC contents < 20% necessary 
to test this hypothesis may not be possible. Another more feasible 
approach would lie in the analysis of Py “Pu, satellite DNAs which 
have been sequenced (Sederoff et al.,1976). 

Multiplex formation also results in buoyant density increases of 


30-50mg/cc in Cs at pH 5.0. As observed for d(TC)_ *d(GA) this 


6) 
ia) 
shift occurs in two stages (Figure 16 and Table 5 ). There is initially 
an increase of 5lmg/cc. As the length of incubation increases the 
buoyant density gradually decreases to a final value of 1.469g/cce after 
8-10 days at room temperature with no further changes observed upon 

o ; 
increasing the time of incubation or upon storage at -20 C. Returning 
the pH to neutrality results in a rapid reversal to material with a 
buoyant density of authentic d(TC)_*d(GA) emphasizing the reversible 


nature of the rearrangement. The successive decrease in buoyant 


density is accompanied by a sharpening of the observed peak which may 
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Figure 16 Rearrangement of d(TC),:d(GA), Monitored by Analytical 
Cs,50, Equilibrium Centrifugation 


Samples were centrifuged to equilibrium (20 hours) after incubation 
under various conditions. Tracings B and C also include i DNA as a 


density marker (density=1.426 g/cc) 
A. d(TC)_ +d (GA) at neutral pH 
B. d(TC)_ +d(GA) | incubated for 1 hour at 24°C in 0.5M NaCl 
50mM Na acetate pH 5.0 
Or d(TC)_+d(GA) | incubated as in B for 10 days. 
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Incubation Time (hours) re) Cs,S0, (g/cc) Band width 


0 1.481 broad 
6 1.476 moderate 
30 1.473 moderate 
54 Tea7 lL sharp 
78 1.471 sharp 
240 1.469 sharp 
TABLE 5 Formation of the d(TC) -d(GA) | Multiplex Monitored 


By Buoyant Density in Cs,S0, at pH 5.0 


The incubation conditions were as described for Figure 16. 
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indicate an increase in molecular weight due to aggregation. Sedimenta- 
tion velocity studies in 1.0M NaCl, 50mM Na acetate pH 5.0 of rearranging 
d(TC) *d(GA) | eee aggregation after 3 days incubation at room 
temperature under the above conditions. However, this behaviour, which 
could be predicted by any of the models, is not necessary to the 
stability of any of the proposed structures. 

The melting profile of the d(TC) *d(GA) | multiplex at pH 5.0 is 
shown in Figure 17a. Although a moderately high salt concentration 
is required for multiplex formation, once formed it is stable in 50mM 
NaCl (at pH 5.0 in 50mM NaCl no fluorescence increase with time is 
observed). If the concentration of NaCl is lowered to 25mM then a 
gradual return of fluorescence (interpreted as a return to duplex 
structure) is observed. Two hyperchromic shifts accounting for 
all the expected increase in absorbance are observed. The first, 
centred at 48.5°C with a 6%-8% hyperchromicity, represents residual 
d(TC)_ +d (GA) _ duplex regions which are responsible for the ethidium 
binding and fluorescent properties of the multiplex. These can be 
eliminated in either of two ways without affecting the buoyant density 
or Ty of the multiplex. Formaldehyde reacts selectively with these 
regions at 55°C to yield a product that exhibits no ethidium fluores- 
cence and ee Se ee ee when the temperature is raised to 80°C 
although the Ty of the multiplex is unaffected. Reaction of formalde- 
hyde with d(TC) +d (GA), results in material with a buoyant density of 
1.45g/cc and a decrease in the multiplex buoyant density may have been 
expected. However, since the hydroxymethyl adduct is not stable, it 
may have been removed during the time necessary for the centrifugation 


step (20 hours), with reannealling of the (formerly derivatized) d(TC) 
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Figure 


A. 


A 


Tm, 48:5 °C 
Oo 


B0Nte 50 70 903? Teeh36 50 70 9% Lc 


ny Absorbance-Temperature Transitions of Rearranged 
(d(TC) *d(GA) 
Rearranged d(TC) -d(GA) | was dialysed into 10mM Na acetate 
pH 5.0, 50mM NaCl, 0.1mM EDTA and the absorbance-temperature 
transition recorded. 
A sample of rearranged d(TC) *d(GA) | prepared as in A was 
adjusted to pH 7.6 with 1.0M Tris HCl pH 8.0 and the 


absorbance-temperature transition recorded. 
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and d(GA) | directly to multiplex such that very little material was 
actually derivatized when the density was measured . Secondly use can be 
made of the observation that d(TC) | and d(GA) | (or d(TC)_*d(GA) | heat 
denatured at neutral pH) when annealled at pH 5.0 directly form the 
multiplex. This multiplex has all the properties of the normally 
rearranged d(TC)_*d(GA) | multiplex but shows no ethidium fluorescence 
and no hyperchromicity when the temperature is raised to 75°C (this 
observation supports the contention that the multiplex does not bind 
ethidium). The second hyperchromic shift (30% - 35% increase in 
absorbance) centred at 93°C represents the melting of the multiplex. 
Several conclusions can be drawn. This melting temperature is v 17Ge 
higher than the corresponding value for d(TC) -d(GA) at the same ionic 
strength but at neutral pH suggesting a much more stable structure 

than the initial duplex and providing a rationale for the rearrangement 
(assuming that the base stacking and other hydrophobic interactions 
which contribute to the stability of d(TC)_ -d(GA) | and its multiplex are 
about equal then one can calculate, using the van 't Hoff relationship, 
that the multiplex is more stable by 15 kcal/mol "basepair", a very 
favourable AH® for the rearrangement). The narrowness of the transi- 
tion suggests a highly cooperative melting phenomenon. When Tris 

HCl pH 8.0 is added to the multiplex to raise the pH to v 7.6 

(Figure 17b) a broader melting profile with a Ty of 7b ace identical 

to the Ty of authentic d(TC) +d (GA). under these conditions, is 

observed again emphasizing the reversible nature of multiplex formation. 
Lastly, the ratio of hyperchromicity (at the T, of 48.5°C) /hyperchromi- 
city(T, of 93°C)+ hyperchromicity (Ty of 48.5°C) is as expected from the 


residual ethidium fluorescence and ethidium binding studies (~ 0.18). 
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Table 6 summarizes the properties of all the Py Pu, multiplexes 
which have been studied in detail (the Ty of the d(C) "d(G) multiplex 
was expected to be > 100°c and not determined). All form ordered 
structures, as indicated by banding on Cs,S0, and melting profiles, 
which revert back to duplex DNA when the pH is raised to neutrality. 

The increase in buoyant density ranges from 3lmg/cc (for d (TTC) -d(GAA) _) 
to 59mg/cc (for d(TCC) +d(GGA)_) (compare with Table 3 ) and the 


corresponding increase in T. is 15C° = A190" Un comparison of d(TIC) * 


M 
d(GAA) d(TC) *d(GA) -d(TCC) +d (GGA) | and d(C) *d(G) with their 
respective multiplexes shows the same relative order for these 
properties in both structures i.e. the polymer with the higher Ty at 
pH 7.0 forms a multiplex with a higher Ty at pH 5.0, although there 


is no hard and fast rule as to the extent to which either the Ty or 
buoyant density will increase when forming the multiplex. These 
similarities in properties strongly suggest that a common structural 
organization may be responsible for the stability of these multiplexes. 
The increase in Ty upon multiplex formation suggests a structure more 
stable than the corresponding duplex. Theoretical calculations by 
Pullman et al,(1967) demonstrate that the formation of the triad c.G.cr 
which involves a Hoogsteen base pair containing a protonated hydrogen 
bond (Figure 4 ) is accompanied by a very large interaction energy 
(-47.86 kcal/mole) when compared to duplex interactions (-10 to -12 
kcal/mole) or the triad U. A. U. (-11.63 kcal/mole). These calculations 
are for the interaction in vacuo and although the absolute values are 


probably in error for interactions in solution, these relative values 


may still be expected and could be important in rationalizing the 


stability of the multiplex. 
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Py Pui Multiplex a) Cs,S0, (g/cc) MEO 
d(TTC) *d(GAA) | 1.458 S255 
d(TC) *d(GA) | 1.469 93.0 
d (TCC) -d(GGA) | 1.494 96.0 

: 3 
d(C). d(G) _ 1.513 ND 
d(BrUC) *d(GA) | LoOLg o950 
TABLE 6 Summary of the Physical Properties of the 


alg M i 
Py. uy ultiplexes 


1. determined in Na acetate buffer pH 5.0 with either A DNA 


(1.426g/cc) or M,, single-stranded DNA (1.4465g/cc) as 


LS 
an internal standard. 


2. Ty buffer was 10mM Na acetate pH 5.0, 50mM NaCl, 0.1mM EDTA. 


3. not determined. 
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Formation of the d(TC) *d(GA) | multiplex also leads to changes in 
the ultraviolet absorption spectrum (Figure 18 ) and the circular dichro- 
ism spectrum (Figure 19 ). The discussion of these is strictly qualita- 
tive. When d(TC) *d(GA) is rearranged at pH 5.0 the extinction coeffi- 
cient increases at both short and long wavelengths with an isosbestic 
point in the vicinity of 250nm. The CD spectrum has an isosbestic point 
at VY 257.5nm. Although the spectrum of the d(TG) *d(CA) | control is very 
similar at pH 8.0 and 5.0, with only a small decrease in ellipticity at 
240nm, the spectrum of d(TC) *d(GA) | changes from one quantitatively 
similar to that observed by Wells et al.(1970)with decreases in molar 
ellipticity at both 280nm, which now exposes a minimum at Vv 302.5nm with 
a cross-over at Vv 297.5nm, and at shorter wavelengths such that a local 
minimum is observed at 244nm and a local maximum at 232nm before the 
ellipticity drops rapidly at wavelengths < 230nm. Tunis-Schneider and 
Maestre(1970) have correlated changes in the CD patterns of unoriented 
gels with a B to A transition which leads to decreases in ellipticity 
at long and short wavelengths. It is tempting to speculate that this 
observation may also apply to the formation of the multiplex structure 
since X-ray fibre analysis of duplex DNA compared to the corresponding 
triplex eg d(T) -d(A) d(T) -d(A) d(T) (Arnott and Selsing, 1974) 
shows a change in sugar conformation from C,exo to C,endo, usually 
associated with a B to A transition, upon binding on the Hoogsteen 
d(T) strand. Hoogsteen hydrogen bonding then may be involved in the 
multiplex structure. When the d (TC) *d (GA). multiplex is "melted", then 
at 60°C the spectrum shows hyperchromicity only at intermediate wavelengths 
(240nm - 280nm) and at 96°C hyperchromicity is observed at wavelengths 
less than 290nm and hypochromicity at wavelengths > 290nm. This hypo- 


chromicity may be interpreted as disaggregation of the multiplex, a 
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Figure 18 Absorbance of Rearranging d(TC)y,-d(GA)p, 


d(TC)n°d(GA), was allowed to rearrange in 0.05M Na acetate pH 
0.5M NaCl and the absorbance profile measured at different times. 


Incubation was at 23°C. 
A’ 0 hours, “at pH. 8.0 
@ 3 hours, at pH 5.0 | 
O .40° hotirs, -atvpe 35.0 


4 88 hours, at pH 5.0 
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Figure 19a Circular Dichroism Spectra of d(TG) *d(CA) | 


Spectra were compiled as described in Materials and Methods 
for d(TG)_-d(CA) at pH 8.0 (dashed line) and at pH 5.0 (solid line) 


Values of [8] are in degrees ame molar ha 
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Figure 19b Circular Dichroism Spectra of d(TC) *d(GA) | 


Spectra were compiled as in Materials and Methods for d(TC) ° 
d(GA) | at pH 8.0 (dashed line) and at pH 5.0 after incubation for 


days at room temperature. Values for [@] as before. 
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Figure 20 Absorbance of d(TC) “d(GA)_ Multiplex at Various 
Temperatures i 
The d(TC) +d (GA) multiplex was melted in 0.05M NaCl, 0.01M 
Na acetate pH 5.0, 0.1mM EDTA and the absorbance measured as a 


function of temperature. 
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reversal of the change observed for multiplex formation(Figure 20). 
Multiplexes of double-labelled Py PU, DNAs (FHaAMP and e caTMP) 
were centrifuged to equilibrium in Cs,S0, at pH 5.0 to test the 
hypothesis that a triplex was formed accompanied by the liberation 
of single-stranded material. In this case the ratio of pyrimidine 
strands to purine strands (e713) in the triplex would change from 
the ratio at pH 8. Since single-stranded material would not be 
expected to form a sharp band on Cs,S0,, "smearing" across the 
gradient, its presence may be detected as an increase in {C or 34 
counts (depending on the type of triplex) outside of the main peak. 
However, the results observed for d(TC) *d(GA)_ ,d(TTC) *d(GAA) | and 
d(TCC) +d (GAA) | (Figure 21 ) suggest that all the material originally 
present at pH 8 is present in the complex at pH 5.0 in the same ratio 
of pyrimidine strands to purine strands eliminating this model. It 
also may be proposed that two triplexes with very similar buoyant 
densities are formed perhaps linked by the residual d(TC) *d(GA) | 


regions, in which case the ratio of ey should abruptly reverse 


when traversing the peak fractions especially after treatment with 


formaldehyde to eliminate the residual d(TC)_*d(GA)_. When the double- 


labelled d(TC)_ *d(GA) multiplex was reacted with formaldehyde at 55°C 
(eliminating the first hyperchromic shift in the melting profile and 
reducing the molecular weight as judged by the band width in Cs,S0/, 
density gradients) and centrifuged to equilibrium in Cs,S0, at pH 5.0 
again only one peak of material with a constant ratio of 14074 across 
the band, equivalent to the ratio at pH 8.0, is observed contrary to 
the predictions of the triplex model (recovery of 62%). 

Rearrangement to more than one type of triplex which could then 


aggregate together (repeating polymers can readily aggregate due to 
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Hisures 212 Preparative Cs,,S0/, Density Gradients of Rearranged 


Double-labelled Py Pu, DNAs at pH 5.0 


Experiments were carried out as described in Materials and Methods 
re 14 
(a ) 34 cpm in dAMP, ( @ ) aoe cpm in dTMP,(4) ratio ~H cpm/ C cpm 


Ae aGrG) "d(GA) Recovery of radioactivity was 82% and the 34 


aay C cpm ratio at pH 8.0 was 0.69. 


Be d(TTC) *d(GAA)_ Recovery of radioactivity was 89% and the 


a sane ie cpm) ratio, at pH’ 8.0) was) 0.75. 


CG. d(TCC) *d(GGA) Recovery of radioactivity was 60% and the 


34 Sen cpm ratio at pH 8.0 was 0.88. 


80a 


wuid> On / wuid> He 
Go? O76 


SOO aw 
N 


aol wid>d ‘De, 


OILVa 


py © 
© Bac 


Oo 
ple) He 


ce att gh eaSO 


FRACTION NUMBER 


——_ * > ¢ ae) 
08 | ml 


ly ee 
, it i a 


| . : — . a. i eae ey I ‘ 1 
; az meh ; mae 


» 


= 
© os 


,! } 
a Wate . rs F ibnss wis 


4.0 | | as | a ; he by 5 ine A, _ 


a! 
80 er en 
; ie if, _ ) oe \ i} Pee he 


iy Ue 


3 
me 
VY 
¥ 
a 
§ 
x 
Mm 
© 
ee 
fs 
4) 


their ability to slip forming single-strand complementary ("sticky") 

ends is thought unlikely for two reasons. d(TC) +d(GA) could 

rearrange (1) to form two triplexes Py -Pu_ ‘Py and Py -Pu °Pu_ since 
ne te teenies ot) 

the requirement that A = G, necessary for the formation of the ey a0 


Pu Pu triplex, is fulfilled. 


3d (TC) -d(GA) —> d(TC) +d(GA)_-d(C'T) | + d(C) +d(GA)_ +d (A'G) (1) 


3d (TCC) +d (GGA) N> d(TCc)_+d(Gca)_-d(c"c"n) + "a(TCC), +d (GGA), 


GAT ARG) ni 


The repeating trimers (2a, 2b) cannot form Py Pu. triplexes of 
the same type, but only triplexes with the triads TAA and CGG which 
are not isomorphous (and also do not require protonation of one of 
the bases }. If a common structure is basic to all of these multiplexes, 
since two triplexes cannot be constructed for the repeating trimers, 
by inference the triplex model is not plausible. Secondly, it seems 
unlikely that for the range of polymers which form multiplexes with 
G+C contents of 33% to 100% both triplex species derived from each 
polymer would have similar buoyant densities and melting temperatures. 
Aggregation of the two triplexes may lead to one peak on Cs,S0, but 
separate melting shifts should be observable. If reaction with formal- 
dehyde at 55°C or 93°C is used to reduce the molecular weight of the 
multiplex, still only one hyperchromic shift and one peak in Cs,S0, is 


observed. 


Three independent lines of evidence belie the hypothesis that 
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multiplex formation results from a simple conformational change of 
these Py Pu, DNAs. Random d(T,C)-d(G,A)_ which would be expected to 
undergo conformational changes does not form a multiplex (also 
emphasizing the need for a repeating sequence). Secondly, the 
rearrangement is concentration dependent (Figure 22 ) suggesting an 
interaction between at least two species. Lastly, d(TC)_-d(GA) | 

and d(BrUC) -d(GA) | (a density labelled analogue of d(TC)_-d(GA) 
with dBrUMP residues replacing dIMP) rearranged together form a 

third species. The d(TC) *d(GA) multiplex has a Ty of 93°C and a 


buoyant density in Cs of 1.469g/cc. The corresponding values 


yea 
for the d(BrUC)_ -d(GA) multiplex are 99°C and 1.519g/cce (Table 6 ). 
When rearranged separately and then mixed together two peaks are 
observed in Cs,S0, gradients and two hyperchromic shifts at high 
temperature are seen as expected if there was no interaction of the 
final products. However, when transformed together only one peak at 

a density of 1.493g/cc in Cs,S0, gradients (which is almost equi- 
distant from the value of the individual multiplexes) is observed 

and from the melting profile three hyperchromic shifts of approximately 
equal magnitude are observed at 93°C (d(TC)_*d(GA) | multiplex), 

99°C (d(BrUC) *d(GA) multiplex) and at 95.5°C. This later shift 

is presumably due to the interaction of d(TC) -d(GA) | and d(BrUC) - 
d(GA) | and again is approximately equidistant from the values of the 
individual multiplexes. Therefore, while confirming an interaction 
between the two polymers, contrary to the results expected for a 
conformational change, these data also suggest the interaction may be 
i, 


The reactions of various site specific chemical reagents with 
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Concentration Dependence of d(TC)_-d(GA) | 


Figure 22 
Rearrangement 


d(TC) "d (GA) | was allowed to rearrange at room temperature over- 
n 
night at various concentrations in 50mM Na acetate pH 5.0, 200mM NaCl. 
The incubation mixtures were adjusted to 50mM Na acetate pH 5.0, 200mM 


NaCl, 0.5yg/ml ethidium bromide and the fluorescence reading taken. 
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d (TC) *d(GA) | and with the corresponding multiplex were investigated 
with the following rationale: if a particular site is important for 
the formation of the multiplex then by blocking that site at neutral 
pH rearrangement to the multiplex should be inhibited or abolished 
depending on the extent of modification. Conversely once the multi- 
plex is formed that site should be less accessible to chemical reagents 
especially if involved in hydrogen bonding. Chemicals that were used 
as probes included formaldehyde (Grossman, 1968), glyoxal (Broude and 
Budowsky , 1971) and dimethyl sulfate (Singer, 1975). Formaldehyde 
reacts with free amino groups reversibly forming an hydroxymethyl 
compound. Glyoxal also reacts with amino groups but the only stable 
adduct formed is with guanine due to subsequent cyclization after 
reaction at the l-position (the structure of this adduct is discussed 
in the section concerning the reactions of glyoxal) and this adduct 
decomposes at alkaline pH's with the recovery of guanine. The relative 
stability of the adducts formed with nucleosides (Broude and Budowsky, 
1971) has been confirmed for polymers by use of fluorescence assays. 
The polymers dA; TAL and rC_ when reacted with glyoxal at pH 7.5 

and dialysed at pH 5.0 form the expected duplex DNAs, as measured by 
fluorescence at pH 5.0, when annealled with the complementary strand 

dT »rUL and rl respectively confirming the reversible nature of 

the reaction with a or c. The guanine adduct is stable under these 
conditions. Dimethyl sulfate reacts with purine bases and to a limited 
extent with the phosphate backbone(Singer, 1975), compared to other 
alkylating agents. The extent of phosphodiester hydrolysis is low. The pro- 
ducts are 7-Meg, 7-Mea and3-Mea in a ratio of 12:1:1 (the literature 


value for the ratio of 7-Meg to3-Mea is 6-7:1, see Materials and Methods). 
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Results of these modification experiments (Table 7 ) suggests that the 
6-amino of a and the Il, 7 and 2-amino positions of g are important to the 
multiplex structure. Neither glyoxal nor formaldehyde react with duplex 
DNA at neutral pH nor with the multiplex at pH 5.0 as measured by ultra- 
violet absorption, buoyant density in Cs,50, and melting temperature. 
After 1 hour at 23°C in the presence of 3% formaldehyde there were no 
spectral changes and the buoyant density of the multiplex was 1.468g/cc 
(under these conditions the reaction with dAMP is 70% complete, as judged 


by the change in A After four days at 30°C in the presence of 50mM 


275)" 


glyoxal, the T,. of the multiplex was 92°C and material incubated for one 


M 
month at 23°C had a buoyant density of 1.468g/cc (both formaldehyde and 
glyoxal treated d(TC) -d(GA) , when completely derivatized show a broad 
band in Cs,50, centred at 1.45g/cc). These experiments rule out the 
possibility of a Hoogsteen duplex especially since reaction with the 2- 
amino and l-position (of g) would have been observed (note that Hoogsteen 
hydrogen bonding could be involved in a larger complex which also 
included Watson-Crick hydrogen bonding). Denatured d(TC) *d(GA) 
reannealled at pH 5.0 directly forms a multiplex. If either glyoxal or 
formaldehyde is reacted with denatured d(TC)_"d(GA) | inhibition of multi- 
plex formation is observed. However, decomposition of these adducts by 
dialysis at pH 9.5 allows reformation of the original duplex at neutral 
pH or the multiplex at pH 5.0 (monitored by fluorescence, buoyant density 
and melting temperature). 

The extent of reaction of dimethyl sulfate with the multiplex as 
measured by the decrease in Ty (Uhlenhopp and Krasna, 1971) is less 


than for duplex DNA (Figure 23a ds At a dimethyl sulfate concen- 


, - fe) 
tration of 100 mM the decrease in Ty for duplex DNA is 6C° and 
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ABILITY OF DERIVATIZED 
REAGENT d(TC) -d(GA) TO FORM REACTION WITH 


MULTIPLEX AT pH 5.0 


MULTIPLEX 
a ee eee 
Formaldehyde No No 
Glyoxal No No 
Dimethyl Sulfate No Low 


SITES IMPLICATED IN MULTIPLEX FORMATION 


TABLE 7 Chemical Reagents as Probes of the d(TC) *d(GA) | 


Multiplex Structure 


Details given in Materials and Methods and in text. 
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Figure 23 Reactions of Dimethyl Sulfate with d(TC) *d(GA) _ 


A. Effect of DMS on the Ty of the d(TC) *d(GA) | multiplex (0) 
and control duplex DNA (@). For experimental, see Materials 
and Methods. 

B. Inhibition of multiplex formation by reaction with DMS as 
measured by the decrease in buoyant density shift. For 


experimental details, see Materials and Methods. 
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the decrease for the d(TC) *d(GA) multiplex is 2.6C°. This suggests 
that the 7-position of the purine bases (the major site of methylation) 
is not as accessible as in duplex DNA and that these sites (especially 
the 7-position of g) are involved in the stability of the multiplex 
structure. (It is perhaps a coincidence that, judged by the reduction 
in Ty? one half as many sites are available in the multiplex (i.e., the 
7-position of g) as predicted for one of the tetraplex models (Figure 
BF +6) 75 Methylation of d(TC) *d(GA) | at neutral pH reduces its 
ability to rearrange as measured by the inhibition of the buoyant 
density shift that accompanies rearrangement and by a decreased 
fluorescence loss. Reaction with 100mM DMS is sufficient to stop 
multiplex formation (Figure 23b). It has been shown that methylation 
of the pyrimidine 5-position leads to various changes in the buoyant 
density (in CsCl or Cs,S0,) depending on the polymer (Gill et al., 
1974); however, this methylation increases the Ty (stabilizes the 
duplex) contrary to the effect of methylation at the 7-position which 
decreases the Ty The distribution of purine bases for an average 
d(TC) -d(GA) of 750 base pairs methylated with 100mM DMS (as cal- 
culated from Table 4 ) is 246 g, 130 #Meg, 354 a, 11 7%Mea and 11 3-Mea. 
It is obvious that more than one methylation is necessary to stop 
multiplex formation but the preponderance of modified g residues 
suggests the 7-position is necessary for multiplex formation (implying 
Hoogsteen hydrogen bonding) and perhaps also the 3-position of a. 

If one accepts the premise that a common structural element exists 

for all the multiplexes then the observation that d(C) *d(G) forms 
such a structure reduces the possibility that methylation at the 


3-position interferes with multiplex formation. Also recent experiments 
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with methylated d(C) _-d(G) confirm that the methylated polymer rearranges 
at a much reduced rate. 

Many of the experiments described suggest that protonation of 
one of the bases may be involved in the multiplex structure. This 
hypothesis was tested by direct titration of rearranging d(TC) -d(GA) | 
to pH 4.5 (in order to increase the rate of rearrangement) compared 
to standard duplex DNA titrated to pH 4.5 under the same conditions 
(Figure 24 ). Clearly protons are being taken up to the extent of 
one mole of acid per 7.6-9.1 moles nucleotide. The titrated material 
was characterized as usual and judged > 97% multiplex by fluorescence. 
These results are in good agreement with the value predicted for a 
tetraplex with Hoogsteen hydrogen bonds (Figure 8 ) which predicts 
a value of 8:1, although they do not fix the site of protonation 
which one can only infer to be the 3-position of c from model building 
studies. 

The tetraplex structure with Hoogsteen hydrogen bonds is the most 
reasonable model, sufficient to explain the properties of the multiplex. 
It satisfactorily rationalizes the need for the low pH, the increased 
stability of the multiplex (due to the formation of a protonated hydrogen 
bond) and the necessity for G:C base pairs, and the relative inertness 
towards chemical reagents. Also the inclusion of Hoogsteen hydrogen 
bonding into the structure explains the observation that only Py Pu, 
DNAs form multiplexes. Inspection of models does not lead to any 
obvious reason why d(T) -d(A), cannot form a tetraplex and there is :some 
preliminary evidence that such a structure may be formed at neutral 


pH in Cs SO, gradients (A.R. Morgan, personal communication). 
2 


Although incubation at low pH is used in these experiments to form 
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Figure 24 Titration of Rearranging d(TC) *d(GA) 


Aliquots of 0.0113N HCl were added to d(TC) *d(GA)_ in 0.5M NaCl, 
1.0uM EDTA pH 7.4 until rearrangement was complete using the apparatus 
previously described in Materials and Methods. 


Control, buffer with calf thymus DNA at 6.7 A 
260 

Control, buffer alone 

Titration #1, 0.69 mM DNA 

Titration #2, 0.61 mM DNA 
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these putative tetraplexes it may be possible, especially since they are 

more stable than the corresponding duplexes, to form them at neutral 

pH under different conditions or in the presence of a particular protein. 
In this regard there is evidence that the triplex d(TC),,*d(GA),*r(C'U), 
can indeed be formed at neutral pH(Morgan and Wells, 1968) well above the 

pKa normally associated with the protonation of c. 

One approach to understanding the structural basis for the multiplex 
is to insert bases, which have been modified to eliminate certain hydro- 
gen bonding sites, into these polymers and observe their effect on multi- 
plex formation. RNA-:DNA hybrids analogous to d(TC),*r(GA), were synthe- 
sized using tubercidin 5'-triphosphate and 6-Methyladenosine 5'-triphos-— 
phate(Figure 13 ) as precursors replacing rATP. However d(TC) ,*r(GA)y 
did not show the fluorescence loss associated with multiplex formation. 
The reason why an RNA:DNA hybrid does not form a multiplex is obscure. 
Arnott has shown these to be(in fibres) in A conformations (Arnott et al, 
1973) but d(C),°d(G)y which forms a multiplex also has an A structure 
(Arnott and Selsing, 1974b). Therefore, the inability of these hybrids 
to form multiplexes may be related to the close packing expected 
for the structure which may be disrupted by the presence of the 
hydroxyl moiety at the 2'-position. The deoxyribose 5'-triphosphate 
analogues corresponding to the above ribose analogues were then 
synthesized and substituted for dATP in the synthesis of d(TC)y-d(GA)p. 
In addition, 7-MedGTP was synthesized and substituted for dCTP in a 
similar reaction. The use of these analogues would test the effect 
on multiplex formation of modifying the 7-position of g, the 


7-position of a and the 6-amino position of adenine. 
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None of these analogues were incorporated into DNA when d(TC) *d(GA) | 
was used as template and in contrast to previous reports ey ae 
et al,, 1966) we were unable to replicate d(AT) | using 6MedATP as a 
substrate. In addition ?MedGTP inhibited the synthesis of d(TC) 
d(GA) | in the presence of 1mM dGTP (Figure 25 ) as measured both by 
fluorescence and incorporation of radioactivity into acid insoluble 
counts (the polymers synthesized in the presence of 7MedGTP and dGTP 
contained <1 residue of 7MedGMP per 500,000 daltons of DNA). Work 

in this area is still in progress. 

As judged by its melting behaviour, the d(TC)_-d(GA) | multiplex 
binds spermine. With the addition of 10uM spermine*HCl to 10mM Na 
acetate pH 5.0, 50mM NaCl, 0.1mM EDTA the uy is raised from 93°C 
(Table 6) to 97.5°C and decreasing the ionic strength increases 
the Ty as expected from the interaction of spermine with duplex DNA. 
Spermine is thought to bind to DNA phosphates in the minor groove 
(Suwalsky et al, 1969) and although the multiplex structure may not 
contain major and minor grooves per se there is a conformation with 
the proper geometry for spermine binding. 

If d(TC) *d(GA) is incubated at pH 5.0 in the presence of 1% 
formaldehyde the multiplex formed has a buoyant density of 1.463g/cce; 
lower than the normal 1.469. This decrease is expected if formaldehyde 
reacted with the polymer although no reaction with the multiplex or 
duplex is observed under identical conditions. Thus amino groups may 
be transiently exposed during rearrangement as predicted for the tet- 
raplex involving Hoogsteen hydrogen bonding (as well as a number of 
Glyoxal substituted for formaldehyde at a concentra- 


other models). 


tion of 0.1M does not affect the buoyant density although this may 
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Figure 25 Replication of d(TC)n-d(GA)n in the Presence of 7-MedGTP 


Conditions were as described in Materials and Methods with 1mM dGTP 


and 7-MedGTP at concentrations of 0mM (@), 0.5mM (©), 1.1mM (A), 
a, 6M CD) and 2\inM'( a‘): 
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be related to kinetic phenomena, the rate constant of the reaction 
with guanosine at pH 5.0 is < 1 x 107 mins (Broude and Budowsky, 
1971) while the rate constants for the reaction of formaldehyde with 
dAMP, dGMP, and dCMP are in the range 1-4 x 107 fini (Grossman, 1968) 
“or to a steric effect due to the larger size of glyoxal compared to 
formaldehyde. 

The interaction of d(TC)_-d(GA) | with d(TC) | or d(GA) | was 
studied fluorometrically (Figure 26 ) with the hope of isolating 
triplexes which could possibly be intermediates in multiplex formation. 
Both d(IC) | and d(GA) | interact with d(TC) -d(GA) | at pH 5.0 as 
measured by the increase in fluorescence of intercalated ethidium, 
but not at pH 8.0 at the same ionic strength. The fluorescence 
increments are 9.0% - 22.0% (after 6 minutes incubation) and 2.0% - 
DsDA™(atter 2 minutes) for d(TC) and d(GA) | respectively. In both 
cases (at longer times) there is the fluorescence loss associated with 
multiplex formation. The reasons for the difference in the fluorescence 
increase could reflect either intrinsic differences in the fluorescence/ 
mole nucleotide paeones the two putative triplexes or kinetic differences 
in their association rates especially since polypurines form more 
ordered structures than polypyrimidines (Felsenfeld and Miles, 1967) 
which could inhibit Py Pu, Pu, triplex formation. The addition of 
either of these single-strand polynucleates retards, but does not stop, 
multiplex formation implying that the multiplex is the more stable 
structure. It is interesting that in the studies on the triplex 
d(TC)_*d(GA) r(C'U) Morgan and Wells did not observe any rearrangement 
to a structure reassembling the multiplex at pH's as low as 5.0 


(A.R. Morgan, personal communication). It seems unlikely, in view of 
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Interaction of d(TC)_ and d(GA) | With d(TC) | 


Figure 26 
d(GA) | aCaples 70 


P i cetat 
A Rearrangement of d(TC) d(GA) | ( 0.042 Ay 60) in 10mM Na acetate 


pH 5.0, 200mM NaCl, 0.5yg/ml ethidium bromide. 
oO As above plus d(GA) | (0.014 Ay 6Q) 


Beas: £oOr d(TC) +d (GA) plus d(TC) | (0,013 Ay 60) 
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the great stability of the multiplex, that this lack of rearrangement 
is due simply to a difference in the incubation mixtures but may be 
related to the difficulty in packaging the 2'-hydroxyl of the ribose 
moiety into such a compact structure as proposed in the discussion 
concerning the RNA°DNA hybrids. Research into this area should be 
pursued further not only with the hope of isolating putative inter- 
mediates in multiplex formation by varying the incubation conditions 
but also in order to study the relative stabilities of the three types 
of polymers (multiplex, d(TC)_-d(GA)_*x(C'U), and "a(TC)_-d(Ga)_d(c'T)_" 
and "d(TC)_+d(GA)_-d(A"G)_"). 

An X-ray fibre diffraction study would yield the most definitive 
identification of the multiplex structure (McGavin has calculated the 
expected intensities for the tetraplex model which he has proposed 


(McGavin, 1971)). This is the approach now under investigation. 
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CHAPTER V THE REPLICATION OF Pyn*Puy DNAs 


Modes of DNA synthesis have been studied in vitro using E. coli 
DNA polymerase I (Kornberg's enzyme) and a variety of DNA templates 
Schildkraut, 1964; Paetkau, 1969). When the in vitro synthesis of 
cP DNAs is compared to the synthesis of a natural DNA such as E. 
coli DNA or a synthetic DNA with pyrimidines and purines in both strands, 
such as d(TG) *d(CA) _, differences are immediately apparent. These 
different patterns of synthesis are most easily illustrated using the 
fluorescence assay as shown in Figure 27 . 

All the newly synthesized DNA is 100% CLC when E. coli DNA is used 
as template; only the input DNA shows no return of fluorescence after 
‘the heat step (Figure 27a). In contrast, during the synthesis of 
d(TC)_ +d (GA) _ (Figure 27b) CLC DNA formation is never observed (even 
if the temperature is raised). When d(TG)_ -d(CA) | is used as the tem- 
plate intermediate values of CLC DNA synthesis are observed, in this 
case 25% CLC DNA after 5 hrs. (Figure 27c). This suggests a mode of 
synthesis intermediate between E. coli DNA and d(TC) +d (GA) | or a com- 
bination of the two modes. 

Two different mechanisms illustrated in Figure 28 have been postu- 
lated to explain the observed types of synthesis. Strand switching 
mechanisms (Figure 28a) propose that synthesis directed by a template 
strand displaces the complementary strand (Kornberg, 1974) until at some 
stage the polymerase "switches" strands and now begins to copy the 
complementary strand. All the newly synthesized DNA becomes CLC, 
renaturing spontaneously after the heat denaturation step of the 
fluorescence assay. This mode of replication is thought to occur with 


natural DNAs as templates in vitro and perhaps also in vivo (Guild, 1968) 
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Figure 2/7 In Vitro DNA Synthesis With E. Coli DNA Polymerase I 


DNA synthesis was measured by use of the ethidium bromide 
assay mixtures at pH 8.0(panels B. and C.) or pH 11.7(panel A.). 
CLC DNA synthesis was estimated from the fluorescence after the 
heat step. The input templates were E. Coli DNA(A.), d(TC)yn-d(GA)n 
(B.), and d(TG),-d(CA),(C.). These figures are the work of Dr. A. 
R. Morgan. 
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Figure 28a DNA Replication By a Strand Displacement Mechanism 


prCTCTCT?C T CoH 

HOAGAGAGAGAG p 

pTCTCTCTCT Co 
HOAG AGA GAGA Gp 


pTCTCTCTCTCTCOH 
HOAGAG AGAGAGAGp 


Figure 28b DNA Replication By a Slippage Mechanism 
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and requires pyrimidines and purines in both strands. Slippage mechanisms 
(Kornberg, 1974) require repeating sequences so that the DNA strands can 
slide with respect to each other and synthesis occurs at the ends of the 
molecule via a repair-type reaction (Figure 28b). At all times the 
complementary strands are separable by denaturation (no CLC DNA 
observed). This type of mechanism has been postulated to explain the 
replication of Py “Pu, DNAs. If d(TG)_-d(CA) is used as a template then 
its mode of synthesis may be a combination of "slippage" and "strand 
switching" or some other mechanism. 

"Slippage'" as the mechanism for Py “Pu, DNA synthesis was tested 
by constructing a Pyp:Pun DNA with a random base order which could not 
slip and would, therefore, not be expected to show the same pattern 
of synthesis as observed for d(TC)_ -d(GA) if "slippage" is important. 
This duplex DNA was synthesized as described in Materials and Methods p59 
with d(G,A)_ as template, added primer and dTTP and dCTP. After repair 
of the random d(T,C) strand with random d(G,A) as template to give 
d(G,A)_*d(T,C) no synthesis was detectable, either by the incorporation 
of radioactivity into acid precipitable counts or by the fluorescence 
assay. As shown in Figure 29 , the extent of d(T,C) synthesis is 
60% - 80% of the input d(G,A)_. In contrast, when alternating d(GA) _, 
which would give rise to d(TC)_-d(GA) was used as template a large net 
synthesis (up to 45 fold after 4 hours) was observed. Thus, a repeating 
sequence is necessary for Py Pu, DNA synthesis under these conditions 
as predicted by a slippage model. 

This type of system, i.e., the use of an RNA primer for DNA 
synthesis, could also serve as a model system for DNA replication since 
synthesis is accompanied by degradation of the RNA primer, presumably 


by the polymerase's RNase H activity. Also, this methodology has been 
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Figure 29 RNA Primed DNA Synthesis With E. coli DNA Polymerase I 


DNA synthesis was measured using RNA primed d(GA) (A) or d(G,A) 
(e) as template (see Materials and Methods). After an initial phase of 
repair synthesis, all four deoxytriphosphates were added (arrow) along 


with additional DNA polymerase. Note the change in the ordinate scale. 
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FLUORESCENCE 


TIME, hr 


Figure 30 Replication of d(T,C)_ *d(G,A) at 41°C 


Conditions for replication are given in Materials and Methods. 
Synthesis was monitored by the removal of aliquots into the neutral 
ethidium assay mixture. 
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utilized to repair and then replicate Py Pu, DNAs starting from pyrimi- 
dine tracts isolated from L cell DNA(Birnboim and Straus,1975). 

Although duplex d(T,C) *d(G,A) | is not replicated at 37°C net 
synthesis is observed when the temperature is raised. Figure 30 shows 
the pattern of synthesis at 41°C, as studied by the fluorescence assay, 
to be similar to that observed with d(TG) -d(CA) | as template. Compared 
to the rate of synthesis with either d(TG) -d(CA) | or d(TC)*d(GA) as 
template, this rate is slow; however, after 6.5 hrs 3 fold net synthesis 
is observed with 32% CLC DNA formed. Therefore, CLC DNA can be synthe 
sized with as DNAs as templates if they are unable to slip and it 
is not necessary for both strands to contain pyrimidines and purines 
as earlier surmised. 

A possible rationale for this data may be as follows: DNAs that 
are synthesized via a slippage mechanism do not give rise to CLC 
Sequences. If an impediment to slippage such as a random base 
sequence is introduced, then net synthesis is dependent upon strand 
separation which allows the polymerase to switch strands with the 
subsequent formation of CLC sequences. In the presence of Mee the 
Ty of d(TG) *d(CA) is less than the melting temperature of d(TC)_ +d(GA) | 
(the T.s are 87.5°C and 94°C respectively 2mM Tris HCl, pH 7.7, 2mM 


M 


MgCl 0.2 mM EDTA) and would be expected to undergo strand separation 


2? 
more readily than d(TC) *d(GA). Since the replication of d(TG) +d (CA) | 
does not give rise to 100% CLC DNA slippage or some other mechanism not 
leading to CLC DNA formation must also occur. The synthesis of d(T,C) - 
d(GsA) is similar to d(TG)_*d(CA)_- Since natural DNAs give rise to 

n 


100% CLC sequences, then d(T,C)_ -d(G,A) may contain some repeating 


Sequences such that the product is not also 100% CLC. 


* | ie 
u t aie a 


stutyeq mort gotixssa eit ile ttn aery bas 7 


fh ae 


uy 


(20 209738 Bas eledRM DANG eo J cot wn 
den O°AE ts betsobfqer joa at ll (2,T)8 xatqub | 
st2 ods nedw bevreedo & 

er 

“Vsees Sits: gueroult old dh ey am ae 38 gtesdivet bie 
bessqnoD .sislqms3 BS: AC 2Be KOM djiw hoviesdo att of * 
ae: (AD) b+ (DT) b zor tian on nsitte ditw elesdsaye te 
ghasdinze 290 blot ‘tame eae ma ytevewo! qwole et ede7 ar 
esfisye sd aes AMT Odd) oxotoabit -Gouot ANG 29 $8 dotw b 
$i bas qile o3 sidsay sts yene tr. ssuutooed es ald alt aan 


gonrisg bos eartbimisyq obsines 6s ebastie dod. 302 


ewode OF s1uetd Baek 1k 2 ; 


jsd1 eAK@. sawollet ea sd ae stab etfs soi sisooktna 

219 os Seiy Seva ne Ob . 
baie 
gesd atobsre% & bE Serie 


ein’ | 


sit ,', rou Bae) soasaang ey so 


_(a)b-" (oY 20 bivdexaamea ‘ities pa le vat aap to a) e. 
tea bec aaNet ‘bap hema cou a ia) 
ss pasr9s io q ; 


ft06- ghee to onset 
Jon cael eriz0 o. ~ 


| 04 satx rhs 2AVid (styien Jaa O)* (a 
7 | ; > ne ~ 


re) gakissqst soma ness Ags yam roy ren 


7 -_ a 7 -! 7: . ‘Dial 7 wy 
a ae +10 KOOL cole sp ak aa ing oda’ 
~~ e ' 1 » - = a7 nd Ye 
fl a oo” : a % : : ie 
. " 1 _ 


x) yee e. oe) 
yay lie is ; : 
ey ' 
7 


ee a a he le 2h | 
ra, 


104 


This simple model implies a "competition" between slippage and strand 
displacement modes of synthesis based on the requirement for strand 
separation before synthesis. However, other modes of synthesis leading 
to CLC DNA formation can be accommodated. One of these (Morgan, 1970) 
predicts that the branched, single-stranded DNA expected in the initial 


stages of a strand displacement mechanism should not be found. 
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CHAPTER VI. GLYOXAL AS A PROBE OF NUCLEIC ACID STRUCTURE 


The use of glyoxal (ethanedial) as a potential probe of nucleic 
acid structure has been widely investigated (Shapiro and Hachman, 1966; 
Broude and Budowsky, 1971). Its advantages include a relative specifi- 
city for guanine residues, reactivity over a wide range of pH values 
and ionic strength conditions, and reversibility of adduct formation 
by simply raising the pH. Broude and Budowsky (1971) have shown that 
this reagent could be especially useful in the pH range 5 - 7. The 
rate of decomposition of the guanine adduct is negligible and products 
formed with adenine or cytidine amino groups are unstable in this pH 
range. The structure of the adduct formed with guanine is in doubt. 
A five-membered ring is formed but the hydroxyls may be positioned 
either cis or trans (Figure 31). Shapiro et al. (1969) have interpreted 
the lack of coupling between protons 1 and 2, when the NMR spectrum 
was determined in D0, as evidence in favour of a trans conformation. 
However, the ultraviolet spectral values reported for the glyoxal- 
guanine adduct differed from those reported by Shapiro and Hachman (1966) 
for the glyoxal-guanosine adduct which is not unexpected, but Shapiro 
and Hachman (1966) do not report an infrared absorption for the hydroxyl 
protons which should be prominent and the adduct he describes seems less 
Stable at pH 5.0 than expected from the later work of Broude and Budowsky 
(1971). In contrast, the increased stability of this adduct in the pre- 
sence a3 borate buffers at slightly alkaline pH's (Litt, 1969) would 
argue in favour of a cis conformation (Khym, 1967). Although the data 
ere favours the cis conformation, the results do not depend 


presented h 


strictly on either of the two possible structures being correct. 
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Figure 31 Possible Conformations of Glyoxal-guanosine Adduct 
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0 10 20 30 40 50 
GLYOXAL CONCENTRATION, mM 


Figure 32 Reaction of E. coli DNA With Glyoxal As Measured By 
The Reduction in Ty 


Ea cold. DNA at el, An 69 was incubated for 8 days at room temperature 


with increasing concentrations of glyoxal in 10mM Na acetate pH 5.0, 
O.1lmM EDTA, 0.2M NaCl. After dialysis against the same buffer to 
remove excess glyoxal the temperature-absorbance shift was measured. 
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During the investigation of the d(TC) +d (GA) | multiplex structure, 
in which glyoxal was used as a probe, some of the reactions of glyoxal 
with various polymers were studied and techniques developed which 
may be of general interest. 

The reaction of glyoxal with bases, nucleosides or nucleotides 
can be easily monitored spectrophotometrically (Broude and Budowsky, 
1971) since adduct formation causes pronounced shifts in the observed 
spectra. Reaction with duplex DNA changes a large number of the 
physical properties of the DNA, such as sedimentation coefficient, 
buoyant density or melting temperature (see Figure 32 ) which can be 
useful in monitoring the extent of reaction. However, the most 
convenient and sensitive assay method presently available is the 
ethidium assay described in Materials and Methods. The reaction 
of glyoxal with A DNA under a wide variety of conditions is shown 
in Figure 33 and with PM2 CCC DNA in Figure 34 , both measured by 
the alkaline ethidium assay method. 

The reaction with X DNA points out a number of interesting 
comparisons. As the temperature is raised from 52°C (Line e) through 
55°C (Line sa) /to 60°C (Line d) the rate of reaction increases, as 
would be expected. Under these conditions \ DNA is partially denatured 
but would renature immediately upon addition to the alkaline ethidium 
mixture. Reaction with glyoxal prevents this renaturation by blocking 
hydrogen bond formation resulting in the observed fluorescence loss. 
The increased rate of fluorescence loss as the temperature is raised 
probably results from both an increased reaction rate for glyoxal 
addition and the increased rate and extent of local denaturation. 


Increasing the ionic strength from 0 to 50mM added KCl does not 


108 


verwiourse xelqialim (a9) 6 fata to mok3 
Texoylg io enolzos97 ort to nme! eadotg 6 an boae eew & 
doitdw. beqoisveb | ‘asupladods bo. helbute stew orometog 

i ; iastedat J 
esbisasioun, Yo eabteosiaue raced iatw Laxoyde to. 
.vaawobud. brs obuort) selfs txpateaadgor2eqe bavos ° 
bsvie2do add ot ed tida: bvonvonose bites wotismso? Joub 


sit th yedmun sata 8, 2 
sdastsiiisas cobbpdebe de eile AMC git 20% | 
ed neo dotdw ¢ St ‘aug a9e) omtaneqms gakaton 1 | 
aom ono Seal who to tns2xe sit 


yd boxpesant, mee : 
gaitesisink To edaus & ‘gic, woe mio 


dgvo1d3 (9 said) u) vse port rshiiae at en es 
5 8: Ge : eat igs ca 


26 ,sgenoqont gorsaboa: 3 . 


botutsisb es oataed mae igs 
ait sats maya 


’ ae | a — ade : ii im . 
galiiokd dian suutenss ettt sdasvesg laxacig adie soi 6a 
a mM! ere aes a a! A i Mane nt hy y : qty a Mis 
a - “a 7 A i : 


-2eoL ennone: 


' ; 7 ee | 
ae bataletafiath {ss0f i signa oe Steen 
thei pes 
3on ascb [04 Babb! Mane 03 i 
ons 4 ‘ae 7 ati 


AL 


| | | i ' i ‘ rk . 
’ ; Oe i. ae eee 7 Vee mT 5 ; ey oa 


109 


7 DECREASE IN FLUORESCENCE 


0 20 40 60 80 100 
TIME, minutes 


Figure 33 Denaturation of X DNA as Measured by the Fluorescence Assay 
re) 
(a) standard conditions 5H 7.5, 55°C. All other experiments as (a) 


except for the following changes: (b) pH 7.0, (c) pH 6.5, (d) 60°C, 


SS) P522C. .(£) 52°C plus 50 mMeKCL: 
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Figure 34 


10 20 30 40 
TIME, minutes 


Reaction of Giyoxal With PM2 CCC DNA 


The reaction conditions were 10mM potassium phosphate pH 7.5, 


lmM EDTA, 50% 


(v/v) ethanol, v0.1M glyoxal, 0.9 Area PM2 CCC DNA. 


At timed intervals aliquots were removed into the alkaline ethidium 
mixture and the fluorescence measured. 


A Reaction 
4 Reaction 
@ Reaction 
0 Reaction 


at 45°C 

at 37°C 

at 37-¢ without ethanol 
at 45°C, after heat 
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drastically affect the rate of denaturation (Lines e, tr). er che =p of 
the reaction mixture is lowered from 7.5 (Line a) to 6.5 (Lines b,c) 
the rate of denaturation decreases. The reaction of glyoxal with 
guanosine is also pH dependent and independent of ionic strength 
(Broude and Budowsky, 1971). At temperatures less than 45°C 
denaturation is not observed, although reaction with glyoxal does 
occur (see section on cross-linking). The reaction of X DNA with 
glyoxal has been used in conjunction with the fluorescence assay to 
develop a new method of DNA denaturation mapping which is discussed 

in a later section. 

In contrast, the reaction with PM2 CCC DNA at 37°C or 45°C, 
when monitored by the fluorescence assay, shows an initially rapid 
reaction with cessation of fluorescence loss after about 20 minutes. 
The omission of the denaturant ethanol from the reaction mixture 
reduces the extent of fluorescence loss but does not change the type of 
kinetics observed. In this respect glyoxal is a reagent that acts 
in a manner similar to formaldehyde or carbodiimide. 

The introduction of superhelical turns into a closed circular DNA 
causes strain in the molecule which can be partially relieved by 
unwinding the Watson-Crick duplex. A large negative-free energy Ci Ntiiy: 
is associated with the reaction of any reagent which further unwinds 
the primary duplex and further relieves this torsional strain. Hence, 
the initial rate of reaction of formaldehyde or carbodiimide or 
If the duplex is locally denatured to an even 


glyoxal is rapid. 


greater extent, supertwists will be introduced into the molecule 


fe) 
and the reaction rate will fall dramatically due to the +AG 


associated with the introduction of superhelical turns (Bauer and 
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Vinograd, 1974). Ethidium also unwinds the duplex (unwinding angle 
is 26° per intercalated ethidium molecule, Wang, 1974b; Pulleyblank 
and Morgan, 1975). | 
Therefore, as the reaction with glyoxal proceeds less ethidium 
can intercalate and the observed fluorescence decreases. Unwinding by 
glyoxal (due to reaction with glyoxal and local denaturation) in effect 
mimics the action of ethidium. Controversy exists as to whether the 
partially unwound primary duplex contains true single-stranded regions 
(presumably AT rich), Lebowitz et al. interpreted the reaction of 
low concentrations of formaldehyde or methylmercuric hydroxide with CCC 
DNA (but not the corresponding OC DNA) as evidence in favour of 
unpaired regions (Dean and Lebowitz, 1971; Beerman and Lebowitz, 1973). 
Beermen and Lebowitz further suggested that the increase in sedimenta- 
tion rate observed during the initial binding of these reagents was 
due to denaturation of hairpin loops (intrastrand hydrogen bonds) 
formed in the unpaired (i.e. not normal Watson-Crick duplex) regions 
which allowed the formation of interstrand hydrogen bonds with a 
resultant increase in the superhelix density resulting in an increased 
sedimentation coefficient. However, binding of low levels of ethidium 
also increased the sedimentation coefficient, an effect interpreted as 
a stiffening of the molecule (Friefelder, 1971), Wang 
has disputed Lebowitz's evidence (Wang, 1974a) and the initial binding 
studies of methylmercuric hydroxide to denatured calf thymus DNA upon 
which it is based. His model predicts a highly twisted DNA with a 
few disrupted base pairs (much less than the 4% - 7% of the molecule 
predicted by Lebowitz) which may be susceptible to chemicals, due to 


the large -~AG° of reaction as discussed above, and also susceptible 
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to the "single-strand" specific endonucleases which he uses as probes. 
However, the use of such nucleases as probes can be criticized on the 
grounds that their substrate range is unknown. Since it is not possible 
to systematically vary the conformation of DNA from a B form duplex to 
an extended single-stranded chain, one could argue that there are 
regions in CCC DNA which are unpaired but still not in a conformation 
favourable for the endonuclease. An intermediate hypothesis can be 
proposed based largely on the hydrogen-exchange data of Teitelbaum and 
Englander (1975a and b) which showed that linear duplex DNA has 

0.1Z - 1.0% of its bases transiently unpaired (i.e. able to exchange 
tritium for hydrogen) at any one time. They proposed that this number 
of nucleotides was not a summation of single bases sticking out into 
solvent (which is entropically unfavourable and also due to loss of 
stacking interactions has an unfavourable enthalpy) but most likely 

is divided into a few large regions, in which most of the stacking 
interactions are maintained. One can then postulate that the bases 

in a CCC DNA are not unpaired at all (although base pairing must be 
different with respect to the angles and distances involved) but that 
as the superhelix density increases the fraction of bases transiently 
available to solvent increases as does the fraction of time spent 
unpaired. The reaction rates with various chemicals would then be 
increased due to more substrate being available and subsequent reaction 
would be facilitated due to the large -~AG° of reaction as proposed by 
Wang(1974a). The ethidium effect could then be rationalized as a 
stabilization of the duplex at the expense of the open state which 
would lead to a stiffening of the molecule. Both this model and the 


model of Wang predict an increased rate of hydrogen exchange as the 
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superhelix density increases but for different reasons. The model 
presented here, however, emphasizes the dynamic properties of DNA 
molecules in solution. 

The reversibility of adduct formation is shown by the constant 
after heat values when the alkaline ethidium buffer is used (if the 
adduct was not removed during the heat step the after heat fluores- 
cence should decline paralleling the before heat fluorescence 
decrease). This reversibility at high pH and the comparison of these 
results to those of Broude and Budowsky (1971) also suggests that the 
only site of reaction under these conditions is guanine. 

Pulleyblank and Morgan (1975) have determined the sense of 
naturally occurring superhelices and deduced a value for the unwinding 
angle of intercalated ethidium from studies on the interaction of N- 
cyclohexyl-N'-8(4-methylmorpholinium) ethyl carbodiimide with PM2 CCC 
DNA. The procedure is to relax derivatized PM2 by nicking and then 
after sealing with ligase to dederivatize the CCC DNA formed. The 
extent of adduct formation is related to the experimentally determined 
superhelix density from which a value for the ethidium unwinding angle 
can be determined. A crucial feature is the need for a reversible 
reagent. Glyoxal reacts with PM2 CCC DNA with kinetics similar to this 
carbodiimide and adduct formation is reversible as shown by the fluor- 
escence assay. Therefore, it may prove useful as a substitute for 
the carbodiimide especially since the adduct formed is neutral. The 
carbodiimide adduct has a positive charge. The additional assumption, 
namely that the interaction between this adduct and the phosphate 
backbone is not ordered in some manner (i.e. the entropically favoured 


unwound conformation exists) so as to introduce errors into the final 
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values calculated,must be made. For this purpose radioactive glyoxal 


(presently not available) would be useful. 


Denaturation Mapping of i» DNA 

Inman, in 1966, was the first to introduce the technique of 
partial denaturation mapping in order to provide information concerning 
DNA structure and function. The usual method of mapping involves 
fixation of sites along the duplex which have been selectively 
denatured (AT rich regions) by heat or pH with formaldehyde, followed 
by visualization of the denatured sites by electron microscopy 
(Inman and Schnéds, 1974). 

The combination of heat denaturation, fixation with glyoxal 
and monitoring of the reaction with the ethidium fluorescence assay 
has been used to produce very good denaturation maps under a wide 
variety of conditions and also to provide information about the 
order of the appearance of denatured regions. 

Under partial denaturation conditions, glyoxal reacts with 
deoxyguanosine residues in AT rich regions, preventing renaturation 
and resulting in a fluorescence loss when the rate of denaturation 
is measured by the fluorescence assay. As described before for 
Figure 33 , the extent of reaction is pH-dependent, temperature- 
dependent and independent of the concentration of added KCl up to 
0.2M at which concentration DNA precipitation occurs. The main 
advantage of this technique is that set conditions are not required, 
only that the reaction proceeds to the same fluorescence loss. 

Histograms compiled for 4 DNA at 17% loss of fluorescence and 


30.5% loss of fluorescence are shown in Figure 35 with a micrograph 
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Figure 35 Histograms of Partially Denatured A DNA 


Histograms of A DNA at 17.0% loss of fluorescence (A) and 30.5% 
loss of fluorescence (B). 41 and 31 molecules respectively were 
measured. 
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Figure 36 Electron Micrograph of a Representative \ DNA 
Molecule at 30.5% Loss of Fluorescence 
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Figure 37 Histograms of Partially Denatured A DNA 


Denaturation was performed as described in Materials and Methods 
and in text. Histograms were constructed from a preparation of ADNA 
with a 15% loss of fluorescence. Only molecules with one or two 
denaturation loops were mapped. The position of the peak in 
histogram A. was ascertained from inspection of histograms B. and C. 
with the assumption that this peak would be observed at a constant 
position in all three histograms. 
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of a A molecule at 30.5% loss of fluorescence shown in Figure 36 . 
The positions of the peaks correspond exactly to those published before 
for X} DNA. Schnds and Inman state that "thermal denaturation seems 
to give rise to a higher background of random denatured sites" when 
formaldehyde is used (Inman & Schnéds, 1974), but this is not observed 
when glyoxal is used, perhaps due to the relative specificity of the 
reagent. When two different preparations with the same fluorescence 
loss are compared, the reproducibility is very good. Peaks II and 
III of Figure 35 are identically positioned and Peak I has shifted 
only from the 48.5% to 49.5% length interval. Also, the relative 
proportions of molecules with bubbles at those positions are similar, 
which confirms the reproducibility of the fluorescence assay. 

It is possible to deduce the order of appearance of the 
denatured regions by constructing histograms of molecules with only 
one or two bubbles (Figure 37 ). If only molecules with one bubble 
are chosen (Figure 37a), then the first region of denaturation could 
occur at either Position I or Position II or both. However, histo- 
grams of molecules with two bubbles fall into two classes, either 
I or II together (Figure 37c) or I and III together (Figure 37/b). 
This suggests that Peak I appears first, then II and III with about 
equal probability and then as denaturation proceeds to 30.5% loss 
of fluorescence Peaks I and II coalesce, III denatures to the end 
of the molecule producing a Y branch and Peaks IV, V and VI appear. 

The reaction of glyoxal with \ DNA does not produce any gross 
length distortion, the average length of these molecules being 14.8y 
which is equivalent to the length of renatured \ homoduplexes spread 


under these conditions (Dr. D.G. Scraba, personal communication). 
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One note of caution is that glyoxal reacts with ethidium in the 
assay mixture to produce a fluorescent compound. However, by using 
a standard concentration of glyoxal (0.1M) the fluorescence mixture 


becomes 0.05mM in glyoxal and at this concentration and at room 
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temperature the interference is negligible for up to 15 minutes. Formalde- 


hyde reacts within 15 seconds. Since normally the concentration of 
formaldehyde used is 10%(w/v) (33x the concentration of glyoxal used), 
this interference makes use of the fluorescence assay difficult. 

This technique has two other potential applications. Since the 
denaturation and glyoxal reaction is performed at neutral pH, it 
should be possible to partially denature double-stranded RNA molecules 
for mapping by this technique. Secondly, both single-strand RNA and 
DNA have ordered secondary structures in benign solution due to 
intramolecular hydrogen bonding. The fluorescence of these regions 
can be observed if an ethidium assay mixture containing 5mM Tris HCl 
pH 8.0, 0.5mM EDTA, 0.5ug/ml ethidium bromide is employed. Heat 
treatment combined with glyoxal reaction can be used to systematically 
remove these regions, analogously to denaturation, and this reaction 


can be monitored with the ethidium assay. 


Cross-linking of DNA by Glyoxal 


Glyoxal was found to cross-link DNA under conditions similar to 
those used for denaturation but at lower temperatures such that before 
heat losses of fluorescence were not observed. Cross-linking was 
monitored using the alkaline ethidium fluorescence assay (see Materials 
and Methods for a description of this assay). (Appendix I describes 


experiments in which the alkylation and cross-linking of mitomycin C 
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and chemically synthesized analogues of mitomycin C are studied using, 
in part, this assay system). Figure 38 shows the cross-linking of 
hk DNA at 45°C. Once introduced, this cross-link is not removable by 
dialysis against 0.1N NaOH at room temperature, although the glyoxal- 
guanosine adduct shown in Figure 31 decomposes readily under these 
conditions. This situation is reminiscent of the reaction of formal- 
dehyde with DNA, in that under conditions in which most of the 
monoadduct is removed, some remains permanently bound (Grossman, 1968). 

PM2 superhelical DNA can also be cross-linked with glyoxal. Since 
normally PM2 CCC DNA gives 100% return of fluorescence, the introduct- 
ion of a cross-link must be shown indirectly, by making use of the 
fact that exposure of DNA in the alkaline ethidium mixture to light 
causes nicking of the molecule by a free radical mechanism (Denniss 
and Morgan, 1976). If a supertwisted molecule is nicked, then heat 
denatured at pH 11.7, the fluorescence falls to 0. However, if cross- 
linked the introduction of a single nick leaves a nucleus for 
renaturation and there will be a complete return of fluorescence. 

As the length of exposure to light increases, repeated cleavage 
of the phosphodiester backbone leads to a loss of duplex regions after 
the heat step, with subsequent loss of fluorescence. As more cross- 
links are introduced the length of exposure to light necessary to 
cause cleavages between the cross-links, and loss of the single strands 
upon heat denaturation, increases. Thus the extent of cross-linking 
can be related to a decreased rate of after heat loss of fluorescence as 
increased cross-linking protects against loss of duplex structure. 


One example is shown in Figure 39 which shows a small but detectable 


amount of cross-linking. 
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Figure 38 Cross-linking of \ DNA With Glyoxal 


\GDNARAt aL Ane was incubated at 45°C with 0.05M glyoxal, as 


described in Materials and Methods and cross-linking measured using 


the alkaline ethidium mixture. 
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Figure 39 Cross-linking of PM2 DNA With Glyoxal 


DNA samples were pipetted into the alkaline ethidium buffer and 
exposed to light for various times at room temperature. The after 
heat fluorescence values were read and normalized with the 


zero time exposure equivalent to 1002. 


A. Standard DNAs (0) PM2 CCC DNA 
(4) X DNA cross-linked with glyoxal as per 
Figure 38 to the extent of 33%. 
B. PM2 CCC DNA was reacted with 50mM glyoxal at 37°C and 
aliquots were removed into the alkaline ethidium buffer at various 
times for exposure to light. Reaction with glyoxal for 
(o) O minutes 
(4) 30 minutes 


(a) 60 minutes 
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Although glyoxal can be shown to cross-link DNA, the chemistry 
of the cross-link has not been investigated. However, these may 
be analogous to the bis methylene structures found with formaldehyde 


(Feldman, 1967). 


The Separation of d(AT) | from Py “Pu, DNAs 

During the replication of synthetic DNAs with E. coli DNA 
polymerase I, the alternating copolymer d(AT) | can arise de novo, 
sequester the polymerizing system and essentially replace the original 
template due to its high affinity for DNA polymerase. These DNAs 
become unusable as further templates due to the d(AT) | contamination. 
A technique has been developed which removes this contaminant by 
combining the properties of glyoxal reaction with hydroxyapatite 
chromatography. 

The rationale for this procedure is as follows: complete reaction 
of a Py Pu, DNA and d(AT) | with glyoxal modifies the a, c and g 
residues. Since the a and c adducts are unstable, then dilution of 
the reaction mixture results in renaturation of d(AT) | but not the 
Py .SsPu * DNA since modification of g residues prevent this 
renaturation. Hydroxyapatite chromatography is used to separate 
single-stranded DNA from double-stranded d(AT) | by a batch-wise 
procedure. Removal of the glyoxal adduct at pH 12 at a suitable ionic 
strength allows renaturation of the Dye and Puy strands free of d(AT) . 

Results of separations of d(AT) | from d(TC)_*d(GA) , d(TTC) *d(GAA) 
and d(TCC) _+d(GGA) are summarized in Table 8. Recoveries of the 
Py nee ora e DNA are between 38% and 55%, with the recovery dropping as 


the GC content increases, which may reflect difficulties in removing 
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d(TC)_*d(GA) | 24 46 67.0 
d(TTC) -d(GAA) | 29 56 58.0 
d (TCC) *d(GGA) | ae 38 69.0 
TABLE 8 Separation of d(AT) | From Py Pu, DNAs 

bits as determined by the neutral ethidium fluorescence assay. 


on determined in SSC/10. 
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the glyoxal adduct. No d(AT) is present. This can be shown by the 
fluorescence assay, the lack of a hyperchromic shift at the appropriate 
temperature when the melting temperature is determined or the lack of 
d(AT) | synthesis when the isolated (Py) 7 (Pu) DNA is used as a template 
for DNA polymerase. The recovered polymers show the expected buoyant 
density shift when incubated at low pH (multiplex formation) but 
have melting temperatures LCo =.2Cyalowen than expected. This may be 
due to imperfections in the helix if not all the glyoxal was removed 
(but not enough adduct remaining to interfere with synthesis) or due 
to the lowered molecular weight of the material after glyoxal treat- 
ment. This treatment does lower the sedimentation coefficient of T7 
DNA under alkaline conditions and nicks PM2 DNA as shown by the 
fluorescence assay. 

Generally, this procedure has been most useful for the removal 
of small amounts of d(AT) | before many-fold replication of the 


appropriate synthetic DNA. 


The Separation of the Strands of d(TC) *d(GA) 

The separation of d(TC) | from d(GA) | by alkaline buoyant density 
gradients is not possible since the two strands have similar buoyant 
densities. In order to obtain purified single strands for physical 
studies, indirect procedures must be adopted such as the derivitization 
of one or both strands, separation of the derivatized strands by some 
physical technique and subsequent dederivatization. 

The carbodiimide, N-cyclohexy1-N'-8- (4-methylmorpholinium) ethyl 
carbodiimide p-toluenesulfonate, has been used in combination with CsCl 


equilibrium centrifugation to separate d(TC) | and d(GA) (Coulter et al,, 
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1974). Complete derivatization with glyoxal followed by chromatography 
on DEAE cellulose in the presence of borate buffer allows the isolation 
of material that is of lowered molecular weight, and that could not be 
isolated by any buoyant density technique due to band broadening. 
Borate ion binds specifically to cis diols and this binding has 
been utilized to purify tRNA molecules on borate columns (Schott etal. 
1973). Since borate is known to stabilize the glyoxal-guanine adduct 
(Litt, 1969), we would expect that derivatized d(GA) | would be retarded 
by DEAE cellulose to a greater extent than d(TC) | when chromatographed 
in the presence of borate buffer due to the increased negative charge. 
The separation of d(TC)_ and d(GA) | using this procedure is shown in 
Figure 40 . Peak I is unreacted glyoxal and other reaction byproducts. 
d(TC) | is eluted with a NaCl gradient in 50mM Tris borate pH 8.3, 
being recovered at 0.45M NaCl. The binding of d(GA) | is so strong 
that salt concentrations up to 2.0M do not wash off this polymer (as 
long as the adduct is stable) and d(GA) | is not recovered until the 
pH is raised, in this case to pH 9.4 in the presence of 0.5M NaCl. 
The tight binding of derivatized d(GA) | to DEAE cellulose in the 
presence of borate is evidence that favours the presence of a cis diol. 
The separated strands were identified by spectra, by the ability of 
d(TC) | to act as a template for r(GA)_ synthesis with E. coli RNA 
polymerase and by monitoring the separation of 25 and ite cpm when 
the polymer a(re)_ (Fuc)a(ca), (ca) was subjected to this treatment. 
Recoveries were variable, with the best results being 41% recovery of 
the dGA strand and 38% recovery of the dTC strand. As occurred with 
the separation of d(AT)_ from Bee DNAs dialysis of single- 


stranded materials resulted in large losses as did irreversible 
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Figure 40 Separation of d(TC) and d(GA)_ By the Glyoxal/Borate 
Method = ES 


Glyoxal derivatized d(TC)_*d(GA) | (as in Materials and Methods) 
was chromatographed over DEAE cellulose in 50mM Tris borate pH 8.3. 
d(TC) (fraction 11) was eluted with a NaCl gradient in Tris borate, 
at 0.45M NaCl. d(GA) | (fraction 38) was eluted with 0.5M NaCl, 1mM 
NaOH at pH 9.4. The first peak is unreacted glyoxal. 
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absorption of material to the DEAE cellulose column. This method 
should also be applicable to other Py a Pu ey DNAs. (See Materials 


and Methods). 


In summary, glyoxal can be a useful reagent for the study of 
nucleic acid structure and in the preparative procedures described. 
Its interaction with polymers can be easily monitored by the various 
fluorescence procedures described and these should be extendable to 
a wide variety of other chemical reagents. The preparation of 
radiolabelled glyoxal (preferably =e since an aldehydic proton 
would be expected to exchange with solvent) would greatly facilitate 
quantitation of these reactions and also serve to standardize the 


fluorescence assay. 
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CHAPTER VII DISCUSSION 


A series of chemical and physical approaches along with model 
building studies have been used to try to determine the structure of 
the Py, Pua multiplexes. The most reasonable hypothesis is that these 
are ordered structures containing base tetrads (tetraplexes). 

Iwo implicit assumptions upon which this work is based are, 
firstly, that there is a common structural basis for all these rearranged 
DNAs and, secondly, that only isomorphous structures are involved. In 
light of the data presented, the first assumption seems quite reasonable. 
All the repeating Py “Pu, DNAs (except d(T) -d(A)_) show a loss of 


and increase in buoyant density in Cs 80, 


fluorescence, increase in T 9 


M 
when the pH is lowered and reassume the properties of the original 
duplex when the pH is subsequently raised to neutrality. The second 
assumption, while intellectually satisfying, has not been proven 
necessary for the construction of ordered polymer structure. However, 
every duplex structure proposed (derived from fibre diffraction studies 
and from other physical techniques) has incorporated this concept into 
its model. An interesting case is the structure of poly-2-thiouri- 
dylate (Mazumdar et al. ,1974) in which the two polymer chains are not 
equivalent but even in this case all residues in a given chain are 
isomorphous, as is the basic repeating unit,cfhe base pair. 


In order to postulate in vivo roles for these structures an 


additional assumption, that one of the bases (cytosine) can remain 


protonated at about neutral pH, is necessary, In light of the results 


ate . 
of Morgan and Wells(1968) for d(TC)_ +d(GA) -r(UC ), Which forms at pH 


7.3 this assumption seems reasonable. A restriction on possible 
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in vivo roles is the requirement that the Watson-Crick purine strand 
and Hoogsteen pyrimidine strand be parallel, both anti-parallel to the 
Watson-Crick pyrimidine strand. This would make a role in, for example, 
recombination unlikely. However, an involvement (permanently or 
transiently) in DNA folding is possible. 

Analysis of Py Pu, DNAs in Drosophila (Sederoff et al, ,1975) 
shows repeats to be spaced at intervals throughout the genome, most 
likely with polypyrimidines in the same strand. In mouse DNA (H.C. 
Birnboim, unpublished) these are at intervals of about 2500 base pairs 
and inverted i.e. polypyrimidines alternate between the two DNA strands. 
During folding of Drosophila DNA a rotation of 180° about the helix 
axis is necessary to orient the Py Puy stretches properly resulting 
in a U-shaped structure (Figure 41a). However, the folding of mouse 
DNA would result in a looped structure (Figure 41b). While the 
reduction in DNA length (packing ratio) for the first case is 2:1 
for the second case it is closer to 3:1 (note that this type of folding 
now defines the polarity of the second purine strand i.e. antiparallel 
to the Watson-Crick purine strand). 

In summary the Py,-Pup DNAs which we have studied(except d(T)n*d(A)y) 


form tetraplexes with the bases involved in both Watson-Crick and Hoogsteen 


hydrogen bonding(Figure 8 ). Additionally if these structures are formed 


by the coalescence of two duplexes then the Hoogsteen pyrimidine strand 
is parallel to the Watson:Crick purine and the second purine strand 
must be antiparallel to the Watson-Crick purine strand. 


The conditions necessary for this rearrangement are a lowered pH and 


the presence of monovalent or divalent cations(Figure 15 ). When any 


of the Py,*Pu, DNAs which we have used are incubated under these 
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conditions the ability of ethidium bromide to intercalate between the 
bases is lost(Figure 15 ), the buoyant density in Cs7S04 increases 

(Figure 16) and the measured Ty increases dramatically(Figure 17). 
Experiments with Py,°Pu, DNAs labelled differentially in the pyrimidine 
and purine strands(Figure 21) demonstrate that the structure formed 
contains all the material originally present at neutral pH. Thus a unique 
structure with physical properties different from the initial duplex is 
formed. The similarity amongst the changes observed for a variety of 
these DNAs suggests a common structural basis for all the multiplexes. 

In order to investigate the structural basis for the multiplex, we 
have proposed various models and then tried to differentiate between them 
experimentally. Using this approach we were able to eliminate models 
which proposed the formation of Hoogsteen duplexes or the formation of 
triplexes or a simple conformational change. Essential to these 
interpretations was observation of the reactions of the site-specific 
reagents formaldehyde, glyoxal and dimethyl sulfate. 

By the process of elimination the tetraplex model is the most likely. 
Two types of tetraplex are possible(Figures 7 and 8). The crucial 
feature which differentiates between them is the presence of a protonated 
cytosine in the tetraplex involving Hoogsteen hydrogen bonding(Figure 8). 
Protonation to the extent predicted by the model has been confirmed 
experimentally; Recoes numerous other observations also suggested that 
the multiplex was protonated i.e. the need for the lowered pH, the re- 
quirement for G-C base pairs, the fact that only Pyy-Pu, DNAs formed 
multiplexes. 


An X-ray fibre diffraction study is in progress in order to 


confirm our hypothesis. If validated these structures become the first 


experimentally characterized tetraplexes. 
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Figure 41 Schematic Representation of DNA Folding 


For a discussion of the figures see text. Py and Pu refer to 
repeating sequences such as the one discussed by Sederoff et al, , 


1975. A. Drosophila DNA B. Mouse DNA 


tli 


Pin 


ens hey ao. 


y 
Cyne 


J 
ae. Ty | 


BIBLIOGRAPHY 

Arnott, S. (1970) in Prog. Biophys. Mol. Biol. 21, 265-319. 

Arnott, S. (1975) Nucl. Acid Res. 2, 1493-1502. 

Arnott, S. and Bond, P.J. (1973) Nat. New Biol. 244, 99-101. 

Arnott, S., Chandrasekaran,R. and Martilla,C. (1974a) Biochem. J. 
pl O7 943. 

Arnott, S., Chandrasekaran, R., Hukins, D.W.L., SuLth, ob. JG. andewactce 
L. (1974b) J. Mol. Biol. 88, 523-533. 

Arnott, S. and Hukins, D.W.L. (1973) ibid 81, 93-105. 

Arnott, S., Hukins, D.W.L., Dover, S.D., Fuller, W. and Hodgson, A.R. 
1973) ibid: 81, 107-122. 

Arnott, S. and Selsing, E. (1974a) ibid 88,509-521. 

Arnott, S. and Selsing, E. (1974b) ibid 88, 551-552. 

Penout, sand Selsing, EB. (1975) ibid 98, 265-269. 

Poardi Bs ps) and Kubinski, oH. :(1975) Nature 2555 3252-2535 

Bauer, W. and Vinograd, J. (1974) in Basic Priciples in Nucleic Acid 
Chemistry II, pp. 265-303, Academic Press. 

Beerman, [.A. and Lebowitz, J..(1973),3. Mol. Biol. /9,9451-470. 

Birnboim, H.C. and Straus, N.A. (1975) Can. J. Biochem. 53, 640-643. 


Biro, P.A., Carr-Brown, A., Southern, E.M. and Walker, P.M.B. (1975) 
J. Mol. Biol. 94, 71-86. 
Bran os 97 1) 4 bid os, 2//-288. 
Britten, R.J. and Davidson, E.H. (1969) Science 165, 349-357. 
Broude, N.E. and Budowsky, R-I. (1971) Biochem. Biophys. Acta 254, 380-388. 
Burd, J.F., Larsen, J.E. and Wells, R.D. (1975a) J. Biol. Chem. 250, 

6002-6007. 


Burd, J.F., Wartell, R.M., Dodgson, J.B. and Wells, R.D. (1975b) 


oid 250, 5109-5113; 


134 


| CO ae fi 
. es h . t Vy) ik ; } § { z 1 | L i 
i I \ ied Le } } - a 0 
Dah i if i yay aw hw eri { 
f y >’ a ha y ve 
; ¥ | A ; an wus, § 
Pe Uae ee RLEStgs Ca keke: dh F cadqold 
Fay! Hye | ay, 


" } | . : " / ag -oeltadiehe a «BOA 


seh oat (oot eh i 
iY 
I he 
© 3 Pia fh 3 fi PAS. 9 
é 
yh 
Ry od & eg va a (EX8 ty 
RK £ elite: ods, Birrsi' abt ‘ oti eG 2 12% 
| j SOP ue ' 
| ay ae, 
\ } it 
Woe Uo b | ae 
a Ba ane ra | ere 


id a an E808 8B. picid 


> ; ‘ a ‘ iy, Fj 
: ' 7 * r - 
ot | ro Bb SAT. rh 
t 5 q d yi Shi a, see ra ee) 88 bid (¢ iy 
~)' Ad > 7 } } i} \v f - ,) 
| i, Ly Aon o. i e| eg ars rg wit ofas : 
i i; 7 - “HS o,f 3 baci I {ec - ae cats Th 4 


ee ot j i) ant rig ptwan (RTO) 


en vn ard i aatgioia3 onaed at (ove) 
) i} i y ; H oT | L ia A | J 
: A ¢ ' , Vi i iy Af site : : nye satort L seabed an ~tas 8 
} 7 " i anal ; i xf 4 } My np fhe | st hd" ’ 
aa) Fe mer tan rae 
eta ot, tial dt! 


a ce as 


i a] ¥ ar ‘ A ‘ J 
' my ; N, b yi SPOG a at Teele a . 7 
; 4 : t 14 7) we 
nr i cs F : ve 
ne os ae Se 2. paradyue? 
en a ; he ay ms ] i 
ya ve 4 
wy ' iv es 
A 7 Ly \ 
i a ri ne ny } ; 


i‘ | eeblene ghd aametse! Ceaety 3 

ui . 2 ey Sloe Ns aie | Cr oF aie i} Ne 

wey ‘Vas Nila SA. 62 ¢hORR | hatch ba Gh) ives) jel 
er erst, 


5 


bid A sHobil 


ey, <a me a Al . ad C2te0) 


coves peezband 4 oar 


ok «LOM Bo cant 
ae CW Gt enlull one a i 
' - JA 1G eal 
Se tet 


(neVeiy 


ter) ‘ MEP ENY 
aaa 


sake Ae yauer92. 


sot a ne 


aie . 7 


bien ‘a 


er \ i" 


U0 & 


bee Menzbas® nS 


aa} 6% 
= 


a 


yy 


cl 


e 


a 


bua 


7 
~ 


Oe 
eee J. pads si ‘bas 


7 y yt 
ia) ou? 


i ; ‘ y ; = 
H .iaetdod Ts “f 


. ‘~ 


ey agony 


La: 
ips 


AY ioe a 


e's) 


Burgess, R.R. (1969) ibid 244, 6160-6167. 

Chamberlin, M.J. (1965) Fed. Proc. 24, 1446-1457. 

Champoux, J.J. and Hogness, D.S. (1972) J. Mol. Biol. 71, 383-405. 

Chan, H.W. and Wells, R.D. (1974) Nature 252, 205-209. 

Chervenka, C.H. (1969) A Manual of Methods for the Analytical Ultracentri- 
£uge,|PalovAito, Calif., Spinco Division, Beckman Instruments, Inc. 

Clark, R.J. and Felsenfeld, G. (1972) Nat. New Biol. 240.) 226-209) 

Geutter,.M.,&Flintoff, W.,; Paetkau, V.. Pulleyblank, D. and Morgan, A.R. 
(1974) Biochem. 13, 1603-1609. 

Crick, F.H.C. (1971) Nature 234, 25-27. 

Crick, F.H.C. and Watson, J.D. (1954) Proc. Roy. Soc. London, A, 223, 
80-96. 

Davis, R.W., Simon, M. and Davidson, N. (1971) in Methods In Enzymology 
XXIaDy 413-428. 

Dean, We. vana Lebowitz, J. °(1971) Nat. New Biol. 5, 231-238: 

DeClercq, E., Terrence, P.E. DeSomer, P. and Witkop, B. (1975) J. Biol. 


Chem. €25059252122531. 


Denniss, I. and Morgan, A.R. (1976) Nucl. Acid Res. 3, 315-323. 

Dhar, R., Weissman, S.M., Zain, B.S., Dan, J. and Lewis, A.M. (1974) 
ibid 1, 595-613. 

Dickson, R.C., Abelson, J., Barnes, W.M. and Reznikoff, W.F. (1975) 
Scfence 887 3u27—55. 

Feldman, M.J. (1967) Biochem. Biophys. Acta 149, 20-33. 

Felsenfeld, G. and Miles, H.T. (1967) Ann. Rev. Biochem. 36, 407-448. 

Freifelder, D. (1971) L. Mol. Biol. 60, 401-403. 


Gall, J.G. and Atherton, D.D. (1974) ibid 85, 633-664. 


Gierer, A. (1966) Nature 212, 1480-1481. 


pee i Ch ee 
~3a99B 2s TU Two hain Sia oY < horas 3 


ph, Yon % a ye Se hier’ 
. re ey vee t bie pies “ot (208 he 
 EORHE BE ibe kode tbe 30) cst) BLO 6es airgialt bas: ty 
> aT Oe c : 
Piveh pes ; ANE wen 
BY RAS OR A saaasit ¢ er) eels tio ba 


1 ') 
i i 
Bey, Lh Le: ' j { =. Ra 


. ui hon ! « . s : 
eS Ia rel reno git eek a aris . 4 ees las bis 
: he ~ ; 
oS 8-823, ae pelea sie ASR) .o ,bietnsetst Baz : 
‘ Bit i AG hak “= 


Patel. | My, Wee als os ; / » Ch i 
h. Leer 27 td bat a eee lage Li et mPa | oie tye i tindnkle onM a. s 23! 
) hs | ) / ~. 
2) ee a ee ek 
‘ a pO8I-E0GT ES mg (agke CORR 
vert, nr Aes 


ae j he i hae ; r\ ' a the ee 

1 ee ee 2 i ae 3h YON 0% i bee v/ onde 9h 5278 4 aby & tae 

pile 7 q 
; ‘ 


ytcebivsed bas i! 2! mothe Me or: 


i ’ ch 


Pit eek ane a¢ PEER : eK 
- ‘i ‘fn ‘ j i r 7 : Ly é : a Bess 
iy BE “LES er raed wd: out LIVEL) ‘Lah dwot, ban ei: 
i] a é | 
Pk —* sy: , P| R . 4 : ~~ sexs ¢ i ” Wel ti vt eye > ae | ee. “ * : if : 
le Ose 2 ve ¥ ond) * ts Vs tq te g 4 iz r « | e pes Fit) By Geil i) os ; t 9 uth 2 . =o a 


| ' ay i a 


1B Fay i ae es Aa ale bl ae wi +, 122E ~TRES 2S se 


? , x 
. ™ . ) ~ 
(pRe-eLe: te igs BRA, awh @ vet) Heh 
Gi ay \ > 
COVER) Mew ht 
7 5 
ff uwyy F vO ig 
AU ge 
ie ies 
4 rete s) 
¥ “e i ci) 


es ty a a : 
MW ,tbaret ..L , 
cs in 1 
Won . 


iy eh ‘ 
wn ve 

i) Jaw 

P ' wal 


136 


Gill, J.E., Mazrimas, J.A. and Bishop, C.C. (1974) Biochem. Biophys. 
Acta 335, 330-348. 

Gray, D.M. and Bollum, F.J. (1974) Biopolymers 13, 2087-2102. 

Gray, H.B. Upholt, W.B. and Vinograd, J. (1971) J. Mol. BLO ManOL lO. 

Griffen, B.E. and Reese, C.B. (1962) Biochem. J. 68, 185-192. 

Grossman, L. (1968) in Methods In Enzymology XII B, 467-486. 

Guild,;-W.R. (1968) Cold.Spr. Harb. Symp. Quant. BLol. 33, 142-143. 

Haas, B.L., Sarocchi, M. Th. and Guschlbauer, W. (1976) Nucl. Acid Res. 
oe O41 559. 

Hattori, M., Frazier, J. and Miles, H.T. (1976) Biopolymers 15, 523-531. 

Her jneker,* Heh .,* Etiens, 1D.u., Tjeerde, «R.He) *Glickman, Bows, vanDorp, «Se 
and Pouwels, P.H. (1973) Molec. gen. Genet. 124, 83-96. 

Hoogsteen, K. (1959) Acta Crystallogr. 12, 822-823. 

Howard, BeH.’, Frazier, J: and Miles, H.P(1971) 35 Biolagchem. ~246, 
7073-7086. 

Howard, B.H.; Frazier,’ J. and Miles, HiT. (1974)"2bidi249," 29387-2990. 

Inman, R. (1966) J. Mol. Biol. 18, 464-476. 

immaryeR- (1967) ibid 28, 103-116. 

Inman, R. and Schnoss, M. (1974) in Principles and Techniques of Electron 
Microscopy, Vol. 4, pp. 64-86, Van Nostrand Reinhold, New York. 

Hop er. (1925) “Anal Chine “Actag Lis: 

Jovin, T.J., Englund, P.T. and Bertsch, L.L. (1969) J. Biol. Chem. 
244, 2996-3007. 

Khym, J.X. (1967) in Methods In Enzymology XII A, 93-101. 


Kornberg, A. (1974) DNA Synthesis, W.H. Freeman and Co., San Francisco. 


Kubinski, H., Opara-Kubinska, Z. and Szybalski, W. (1966) J. Mol. Biol. 


20, 313-329. 


ioe aye’ 


a i 


» 4 


Lr IVT x 
4 hom \ 


mh 


: A vr ie Nine | 
oe 


brig «As t a on 
a 


A akerid A 


ne-oee els ind 
F am Ly 7, : iw ji an La 
OLS THOR. HEL a onan (Aver) WH ¥ mal en, ba 


vere | far rl ai ‘ | . fh iF : . 
“ae ae ay Ai, Gee em i ah { ot Ail 
he Soke 5 «Lape idee) ” ma e ator r a Dias ia 4 oe Aton 4 " vs 
Le nN ae 
as ic rt Pre ‘uhica step a ‘Sone (Soe t) HAS 09 tea bine wf 
Aik oe 4) es p23, rh Sgt if a + ‘! fjalt ak (BROCE kA ee S 
OPE ROE | ‘ OME) o. Eon INe ME ABOUED ech gee 


‘' eae Ua) Be " =) Se ae an 


As ine Nn f wee tole Pama " it ad ave . 2G hiwd (Bae st) 
CA uhe he ae my 
| iy 5 ies eA . ! 
ee 1 aN VRAD) me hetana ditt sau Das «AT i ‘iolendil fee co. 
SE Tne aaa / Me i Sr 
hf f ; val AD ht } . ' Pal a ay ‘on *\ a8 
! TS By .R2EL-ONEE E 
, ‘ Was ; | r . ; cd ip P 
‘SA © hrs myLog' i atees | ime i » RE PIM bin .& e ISLSH TT wie i |, dat ‘ 
i ’ ‘ ' P i rd a | ’ . I 2! Wh ) 
sv raid com SERO) CoH yebReayy 9. U.¢ emul Festa yaadany 
‘ Fee . fl a 1 te 6 7 : : ; ; 
HOO. PRE ‘ete puram, soe tebl: (ENGL) stam : 
ee corned A es ‘ ” 
i i ‘a " i) ] a } ( me wr L ih j i é 
; ja LBrl¥s i sah TRO ts es | v3 5 REV (RE "a . ’ 
VEO rea yw) a in ao ee vy] HG) Sa i a 
ie iy aa Pa qa eine \ “ ay Ae : 
mo) SA ct ee (ENGL) «Tek “eel fae .L yates tb vi i Six, obits 
y i A A Bi ik , : } 1 i 0 17 ye . . : } ( f i? 7 | 
Ri ot, ha kart Ss anos 


aig to 


ee, ; 


em A ae Vay | : 
: ‘ j bub ' i “i =) 
<B oY vil a 10 ' hi ag bya a sh dl ae Bers. 9 é alk Jeqoneoraige 


? 
- 


¥) a ch My Mi ark r 
iP ry ie 
Lar, 5 : y 
are ey. 
AMT 


osebapeatt ce phe 30. r ' 


¥ ata 
Ward , 


ih, 7 a 


art oa j 
BRS RAS badd et b ipa ene Oe: hee 3b: rats sulle 4 sb 


i a. fort let at (aoe ) ant 4 


‘ ‘ 
te SA Taha v 
ee Wet eh jal reo) (Be sa (CO oh 
F ee 7.) ; , / ’ ; 
ver A a Viet LE . rh ra a. . 
asuphadaad Winds | rk cine Mt venoantas he 18 
, : nh an ie 


et 


ty 


i ee BTOA 
re ei my 
<2 digev sui baw a ‘i » 

i 


nhl sett st en 


1, 
Lig) ee 
( Hi we 7 7 : : : 


Lod 


Ladner, J.E., Jack, A., Robertus, J.D., Brown, R.S., Rhodes, D., Clark, 
B.F.C. and Klug, A. (1975) Proc. Nat. Acad. Sci. (USA) 72,4414-4418. 

Langridge, REMC LIOO)* Fe Celt Physiol. 74, Supplement 1, 1-20. 

LePecq, J.B. and Paoletti, C. (1967) J. Mol. Biol. 27, 87-106. 

Litt, M. (1969) Biochem. 8, 3249-3253. 

Mazumdar, S.K., Saenger, W. and Scheit, K.H. (1974) J. Mol. Biol. 
B53 213-229. 

MéGavin,’ S;. (1971) Ji‘ Mol. BIOINM I, 295-290- 

Michelson, A.M., Massoulie, J. and Guschlbauer, W. (1967) in Prog. Nucl. 
Acid Res. Mol. Biol. 6 83-141. 

Petsiiemi. ,cbanerrage, (Rz, shortle, Bor. Cantor;  CuRs,) Grant.eR<G., 
Kodamn, M. and Wells, R.D. (1970) Nature 228, 1166-1169. 

MorganseA. Ree (197@) vISeMol. Blok. t 52,8 441-466. 

Morgan, A.R., Coulter, M., -Flintoff, W:.and Paetkau, Y.. (1974) 
Btoehent 7 +ES, 1£596-1603. 

Morzam,"AsRerand Paetkau, VY. (1972) Can. J. Biochem. 50, 210-216. 

Morgan, A.R. and Pulleyblank. D.E. (1974) Biochem. Biophys. Res. Comm. 
‘Oly 396-403: 

Morgan, A.R. and Wells, R.D. (1968) J. Mol. Biol. 37, 63-80. 

Murray, N.L. (1972) M. Sc. Thesis, University of Alberta. 

Murray, N.L. and Morgan, A.R. (1973) Can. J. Biochem. 51, 436-449. 

Mushynski, W.E. and Spencer, J.H. (1970) J. Mol. Biol. 52, 107-120. 

Novogrodsky, A., Gefter, M., Maitra, U., Gold, M. and Hurwitz, J. (1966) 
Oy Biol. ‘Chem. 2415 1977-1964" 

Ohba, Y. (1966) Biochem. Biophys. Acta 123, 84-90. 

Opara-Kubinska, Z., Kubinski, H. and Szybalski, W. (1964) Proc. ‘Nat. Acad. 


Sci. (USA) 52, 923-930. 


bina oa so ,kate fe pile 
me ih WRRRRR AR, 8 “0 on 


Conia lia ie, Ait eatarive bts 4 jy Whi: 


bh Ve | ze ' a 
< poets) ge ery a rs si = 
La goth ak re Aa Foubdtitoaed bas a yotiao aut 
(io) AMAO.@ ped ohaihiyas 

oh pdanie HO! VWOMRDL. v8 saloratt2 y. eetino a 
AakLHBO LG 2) (OCR, ek .elioW Sine OM me hs 
(Vabeetea ise Lipa Lot ‘6 OB A oth 

GEURE wae bine LW thet a ma yy 
0B L-98ES, EL , . ree a 

OLSHOLS: | (OE, insane he oe? tte) ve oad " | 
io aa cengtgoket mene OED 5. inating amd | 


bis aX 
v ‘7 er 
is jie 


toss el. (8802) ta + sso 


a 


} Me 
fr mane “ia i aa 


gi ee ne a 


138 


Paetkau, V.H. (1969) Nature 224, 370-371. 

Paetkau, V. and Coy, G. (1972) Can. J. Biochem. 50, 142-150. 

Paetkau, V. and Langman, L. (1975) Anal. Biochem. 65, 525-532. 

Pettijohn, D.E. and Hecht, R. (1973) Cold. Spr. Harb. Symp. Quant. Biol. 
387 /31-41. 

Pilet, J. and Brahms, J. (1972) Nat. New Biol. 236, 99-100. 

zavottay V-9(1975) Nature 254, 114-117. 

Pulleyblank, D.E. (1974).Ph.D. Thesis, University of Alberta. 

Pulleyblank, D.E. and Morgan, A.R. (1975) J. Mol. Biol. 91, 1-13. 

Fulgman, *5.; *Claverie, P. and Caillet, Jy (1967) ‘Proc. Nat. “Acad. Sci. 
(USA) 57, 1633-1639. 

Quigleys: GoJ.; Wang, A.J.H=, Seeman, N.C.,. Suddath, FeL., Rich, A.,- Sussman, 
J -lne anid Kim,e o.H. (1975) Abid 725%4666=43870; 

Rien yA .(1958) Biochem. Biophys. Acta 29, 502-509. 

Rien} iA.f Davies, DR. Crick, (F.H.Cs and Watson, J.D.;>(296)) J. Mol. 
Biol ¥#35 71-86. 

Rigeeped. Ds, aLin, Sv) and Wells, R.D-*(19/2)" Proc. "Nat. Acad Sch. “CUSA) 
69, 761-764. 

Riley, M., Maling, B. and Chamberlin, M.J. (1966) J. Mol. Biol. 20, 359-389. 

Rosenberg, J.M., Seeman, N.C., Day, R.O. and Rich, A. (1976) ibid 


104, 145-167. 


Salditt, M., Braunstein, S.N., Camerini-Otero, R.D. and Franklin, R.M. 


(1972) Virology 48, 259-262. 
Salser, W.A. (1974) Ann. Rev. Biochem. 43, 923-965. 


Schildkraut, C.L., Richardson, C.C. and Kornberg, A. (1964) Mole Biol. 


95224—45 . 
Schott, H., Eberhard, R., Schmidt, R., Roychoudhury, R. and Kossel, H. 


(1973) Biochem. 12, 923-928. 


eh a 
a Prise (Sy ven) a al » 
. | / he Dank A 
iy ; \ « Wiehe ae. ath stp (2 “ih <i sasegre si, wR: : ee - 


5 ’ 
¥ | O8h- a ry f (fe ‘nt perer sas 


Y 


. ‘ y 
1 7” he y ; ta : Vi 
Toy ae Piste irk ae > ” , yal, 
tase seein) hog) « uate AGR> So Ch Ved). aff io ‘bas: 8 
: An . % A ’ y ( | 14 
tis yt ' 7 : i! Ss 


me + ‘ ' 5 > j L F 7” 
: he vie L it z ; : 
if , ov ie : at! io 
RY r “88 288 a a a we tee 48% Gi) * ie aderd bres 
' Ay } : } . 
i i iT *) ee | ay 


~ OF 7 hts area 6t- P @keDy, 
: i} 


; ‘ Wine 
eniedia Yo Chest geysdl edd GAVEL) tt 
a : 

t 


,78 
IEE MARIO | | ms" / ae 
EI>f |) Ee Both VhoM ol ae Veb): .2yAé. aero bus +2. 
ee 4 { 


a Ta Vt | PALHEL DL: a 
i » 4 { ‘i's + ou e 7 eer | 7 
rHateenc . A fo cH ee re: i edt ebb we. em rer aied eal He bu &, east had te: 


My \ I 
:.3 


id : 
1 e ih - ri P Ad if u i ' u : td 1 — 
Chee mies | i OTB a9aN. (OK é by (ener) ‘Hh. 8 qe ad u 
4 : ¥ . ¢ 4 . y a ‘ ta v oe ~ % j es) | is 


a ry a0: ra 4 99 
ai eae oh 7 y 4 


; ’ “ k 
fom LG ne «9 a re ba ts DDT pues: a ee g 
x P 


= 
e 
i 
tT 
5 
rae 
to 
‘_ 
= 
_ 
we 
a 
Go 
be 
a 


oy A ; ? : ; ’ 


ied ) a WA § iy *\ rat ws ‘ \ % nF } o a8-£5 
Ms va ie a ie | Cor 
; ' y M I 
(ARID (Lok SOR AS Te pO 4a" gave hte M abd al ‘bus “8 ft 
i ¢ f : gor ’ ’ 
| y ri i Rica A ; , 


. 
: “ty om 


ok ined we bt ase 


Wie 7 GW ee | ; * j ie ; ; 
. , Th a tS ne a ae ay la a 
t ni, i van ida (ere CE) 2A) hd Bin VEE 2 Se % nemet 
ACG pe PRN An tL ‘ie 
yah ' vd &, c 1 4 "| aT f, 
j ( a a) vf ‘ : al ia 
' it | y ‘ aye ‘3 
ae e ue eer 
¥ iu) ' fa ie ae 


gf ad idan is 


y ‘ yi i bot iai yy sf j ‘i 7 i 


0 Ae 
a 
, a i i 


i) mus Nek) oe LW 
tei date Lit 
ie WA oA Aiea 
. ; r A 

y. 


- 


Sederoff, R., Lowenstein, L. and Birnboim, H.C. (1975) ‘Cell. 5, 7183-194. 

Seeman, N.C., Rosenberg, J.M. and.Rich, A..(1976) Proc.:Nat. Acad. Sci. 
(USA) 73, 804-808. 

Seeman, N.C., Rosenberg, J.M., Suddath, Foley akin, J.J.P. and ekien, wie 
(1976) J. Mol. Biol. 104, 109-144. 

Selsing, E., Arnott, S. and Ratliff, R.L. (1975) ibid 98; 243-248. 

Shapiro, R., Cohen, B.I., Shivey, S.J. and Maurer, H. (1969) Biochem. 
6, 238-245. 

Shapiro, R. and Hachman, J. (1966) ibid 5, 2799-2807. 

Singer, B. (1975) in Prog. Nucl. Acid Res. Mol. Bol. iL5; “219-284: 

Skoog, D.A. and West, D.M. (1969) Fundamentals of Analytical Chemistry, 


2nd Edition, Holt, Rinehart and Winston, Inc., New York. 


Smith, M. and Khorana, H.G. (1963) in Methods In Enzymology VI, 645-669. 


emath, MsG. (1967) ibid XII A, 545-550. 

Sobell, HM. (1973) in Prog. ‘Nucl. Acid Res. Mol. ‘Biot 13) 1535=190. 

Stanley, W.M. (1967) in Methods In Enzymology XII A, 404-407. 

Stevens, C.L. and Felsenfeld, G. (1974) Biopolymers 12, 293-314. 

Stollar, B.D. and Raso, V. (1974) Nature 250, 231-234. 

BoulieryoR.wW. (1965) J..Mol. Biol. 1, 373-590. 

Sugimoto, K., Sugisaki, H., Okamoto, T. and Tukanami, M. (1975) Nuel: 
Werdekes. 2, 2091-2100; 

Suwalsky, M., Traub, W., Schmueli, U. and Subirana, J.A. (1969) J. Mol. 
Pio 2, 909-375 

Summers, W.C. and Szybalski, W. (1968) Virology 34, 9-16. 

Szbalski, W.; Bovre, K., Fiandt, M., Guha, A., Hceadecna, Z., Kumar, S., 
Lozeron, H.A., Maher, V.M., Nijkamp, H.J.J., Summers, W.C. and 


Eater, K. (1969) J. Cell Physiol. 74, Supplement 1, 33-/0. 


the }) 


wey: ind ih ; ie 

Aa el pa yl ao | 
eae ade-20t am tone to 

BOS HENE ag mm even ht AetLawh, be: gs 
saris BA (eae) +H yaaa bap .T.& ynavirl? a oy # ont 


La 


-obg-Kets ef wht (OD2N)) -ey | 

shekats eat sea alte (Ro8 Widen tae FAG a 2s 
orga tine. Asstavtank to eiapoamomut (tari) ince 
Axo 18 nel: (OTR AT Gits Cyn ann Aanie 

A8O-8DO. IV yRndonysnd al abertyan me (eae): panei eg: 
eR RoNG ky Ky Bins. ( 

ORL~ERE ue ge tee (Hor GLIA Laat merit CEI 
NOG “a TE ocibaniea® hi abedis i anh (soba, . 

ARS fi amaeytogene TPSRT), 2. hd ita lsKt ba. 

Hes te 088 ereuia.aid Seiad — ae 


ay a a 
en A, a ail 


a av q 
ernie 
y " r bat °F 
i ; 7 - 


7 
ise | 

Lv 
ie 

7 
f 4 @ 


a i 7 
Ae 


A | 


iP 
in 
Um 
7 7 f 
ye ee 


4 j My at 
Aye } h ‘ai 4 oe . Oe os a 
an@ téowh) (18) yeodabag i as 
UN eS a i tH 


we KY 


f ’ i 7 
re eS i Hl ae “it ; i ia 


By 


it 


- ; 


aig 


Szybalski, W., Kubinski, H. and Sheldrick, P. (1966) Cold Spr. Harb. 


Symp» Quant, ‘Biol. 315°223-127, 


Teitelbaum, H. and Englander, S.W. (1975a) J. Mol. Biol. 92, 55-78. 


Teitelbaum, H. and Englander, S.W. (1975b) ibd duo 254 /9-92. 


Theile, D. and Guschlbauer, W. (1971) Biopolymers 10, 143-157. 


Tomasz, M., Mercado, C.M., Olson, J. and Chatterjie, N. (1974) Biochem. 


13, 4878-4887. 


Torrence, P.F., DeClercq, E. and Witkop, B. (1976) ibid 15, 724-734. 


TenassSchneider,{M.J.B: and Maestre,.M. (1970))J./Mol. Biol. /52; 521-541. 


Uhlenhopp, E.L. and Krasna, A. I. (1971) Biochem. 10, 3290-3295. 

Vinograd, J. (1963) in Methods In Enzymology VI, 854-870. 

Voecte Desandi Rich, vAs« (1970), in Prog.pNucl., Acid RessiMol. (Biol. 
10, 183-265. 

Walz, oA .cand,Pirotta, V.. (1975) Nature 2545.118-121. 

Wane, Sieee (294448) VJ Mol. Biol.» 874, 197-816. 

WateahJnC.» (1974b)-dbid,89,, 783-801. 


Waring, M.J. (1974) Biochem. J. 143, 483-486. 


Wartell, R.M., Larsen, J.E. and Wells, R.D. (1974) J. Biol. Chem. 


249, 6719-6731. 
Weber, K. and Osborn, M. (1969) ibid 244, 4406-4412. 
Wells ,WR:D.nand Larsen; J.E. (1970) Ju Mol., Biol..49,, 319-342. 


Wells, R-D:, Larsen, J.E.,: Grant, R.C., Shortlewe beh wandacanton- 


(1970) ibid 54, 465-497. 


GER 


140 


nab iN 


oak . ee pie oO “gy mia — fasta bas a “delete 


i ~ rh ra BAGH ha ; Pen ; 4 j nu ie _ oe "| 1) 
Dt me ‘a PME Ah; vr 
y i Mi if, 4 a fete a a at + 


y 1 


io 


oe, Tie ah ee Lj ie 


a ‘ . i any ~ Pa ae % 4) a va by a, 
MS Dae eA ial ay Le sabes tgot pea sty mg a 
7 i ere rt f - - ‘2 hy ay , 
. y ARI | eh ens 
RRL. oY baa (eenery Wie Jwybaalged bas: a piety 
: 5 r % ; Beer a ig. A { ii J, he 

Leche Me Oe ae ik aOR Tun Ha a, me . 
rss OL) aTouigto gore os: a tauediioa u 2_ha » «2 SE 
ih , ; *) ( i i ) i. - a 


ieetoots aveey ca jabebesit boo «tL ,te8tO 5 prep 


Pa Rem) te | -T8BS+8T8d, 


~-WEVE OST. Od bidh iahaald a poms EW. hae, a | po welded rt ee F 
ti] ‘ = 


5 ar. \ . ss ' : i iA nv, 
(LPC=ES2 Use ford Lott al (OCLC) wo sxtesam bes . 85M itobks wine: 
ak: i ie ue 

} bite 


28S e-gest . ‘on modwokaé -CITOL) oe ib ih et i ate bos lit bs 7 . 
* ) | r 

1088 fad AV quclowvsed 4! aboyl (E88 ome oe 

LOLS. bow wash th tage «ext ms faved. oh 9b i 


7. NACL id | Ae ae dec hehe eae. 8h 
nig a hak . re) meee : ay. 

(| a AHRI-QLL 8a season NRE) WV cadaertt \paa) 
. ie oy | 1 ae 


im Daw shi BioNOT Rodd fo tate: 
i Al at ' At we 
TET ANS a aia ris =e bie Remo) 
, ij 3 a” x i i, A ie ¥ n hi i y \ «<) ; * oor ir Ba, ES .t weartaons ( 


| a 
sia) ween i t ster) ae Biiew Lee a $ 
; ¥ Th Nia P : v 7 


iC ar . a. iy y's 
id yeah. L (oven, at 


oe a) 7 gl ard 


ert <ans ay v4 


PT 


APPENDIX 1 


This section describes the application of ethidium bromide fluor- 
escence techniques to studies of agents which aklylate and cross-link 
DNA, projects done in collaboration with Dr. J.W. Lown of the Depart- 
ment of Chemistry, University of Alberta. 

The first reprint describes the development of these techniques 
and their usefulness in studying the mechanism of action of the antineo- 
plastic agent mitomycin C. This compound alkylates and cross-links 
DNA in reactions that are pH dependent implicating the azeridine moiety 
as the primary aklylation site. Accompanying these reactions is a 
free radical cleavage of DNA but no depurination. Although reduction 
by NADH is thought essential for in vivo action, we have shown that at 
low pH cross-linking can occur in the absence of a reducing agent. 

These studies have been extended in the second reprint to a series 
of chemically synthesized model bisazeridinopyrrolidinoquinones which 
also alkylate and cross-link DNA in pH dependent reactions. There seems 
a correlation between the extent and rate of cross-linking and the in 
vivo antineoplastic activity of some of these analogues which may prove 
useful as a preliminary screening step for these types of agents. 

The third paper discusses the use of the fluorescence assay. to 
measure DNA alkylation. The observation of a pH dependent recovery of 
fluorescence with aklylation by dimethyl sulfate has been compared to 
alkylation by mitomycin C (which does not show this behaviour) and 


supports the hypothesis that mitomycin C does not aklylate the /-position 


of guanine. 
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(Reprinted from Canadian Journal of Biochemistry (1976) 54, 110-119.) 


Studies related to antitumor antibiotics. Part V.. /Reactions 
———— er antitumor antibiotics. rart V. Reactions 


of mitomycin C with DNA examined by ethidium fluorescence assay 


J. WILLIAM LOWN AND ASHER BEGLEITER! 
Department of Chemistry, University of Alberta, 
Edmonton, Alberta T6G 2El1 


and 


DOUGLAS JOHNSON* AND A. RICHARD MORGAN 
Department of Biochemistry, University of Alberta, 
Edmonton, Alberta T6G 2El1 


The cytotoxic action of the antitumor antibiotic mitomycin C occurs 
primarily at the level of DNA. Using highly sensitive fluorescence 
assays which depend on the enhancement of ethidium fluorescence only 
when it intercalates duplex regions of DNA, three aspects of mitomycin 
C action on DNA have been studied: (a) cross-linking events, (b) alkyla- 
tion without necessarily cross-linking, and (c) strand breakage. Cross- 
linking of DNA is determined by the return of fluorescence after a heat 
denaturation step at alkaline pH's. Under these conditions denatured 
DNA gives no fluorescence. The cross-linking was independently confirmed 
by Sj endonuclease (EC 3.1.4.-) digestion. At relatively high concen- 
trations of mitomycin the suppression of ethidium fluorescence enhance- 
ment was shown not to be due to depurination but rather to alkylation, 
as a result of losses in potential intercalation sites. A linear 
relationship exists between binding ratio for mitomycin and loss of 
fluorescence. The proportional decrease in fluorescence with pH strongly 
suggests that the alkylation is due to the aziridine moiety of the anti- 
biotic under these conditions. A parallel increase in the rate and 
overall efficiency of covalent cross-linking of DNA with lower pH sug- 
gests that the cross-linking event, to which the primary cytotoxic action 
has been linked, occurs sequentially with alkylation by aziridine and 
then by carbamate. Mitomycin C, reduced chemically, was shown to induce 
single strand cleavage as well as monoalkylation and covalent cross- 
linking in PM2 covalently closed circular DNA. The inhibition of this 
cleavage by superoxide dismutase (EC 1.15.1.1) and catalase CEG: Teich. 6) 
and by free radical scavengers suggests that the degradation of DNA ob- 
served to accompany the cytotoxic action of mitomycin C is largely due 
to the free radical 077. In contrast to the behavior of the antibiotic 
streptonigrin, mitomycin C does not inactivate the protective enzymes 
superoxide dismutase or catalase. Lastly, mitomycin C is able to cross- 
link DNA in the absence of reduction at pH 4. This is consistent with 
the postulated cross-linking mechanisms. 


INRCC Studentship holder 1970-1974. 
2mMRCC Studentship holder 1971-1975. 
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Introduction 


There is much evidence that indicates DNA as the cell component 
most sensitive to the attack of alkylating agents (1-4). Although bi- 
functionality is not a prerequisite for antineoplastic activity, Che most 
active agents are bifunctional. With respect to cytotoxicity, the 
greater effectiveness of antitumor agents of the bifunctional alkylating 
class, including the clinically important mitomycin C (5-7), has been 
attributed to their ability to cross-link complementary strands of DNA 
(8). Hitherto, cross-linking of DNA has been demonstrated by techniques 
such as cesium chloride density gradient centrifugation studies (7, 9) 
and by the hyperchromicity of cross-linked denatured DNA (10). Using 
these methods, cross-links introduced by nitrogen mustards (11) and mito- 
mycin C (12, 13) have been reported. We wished to apply the ethidium 
fluorescence technique (14) to study the interactions of antitumor agents 
with nucleic acids. The fluorescence procedures complement existing 
techniques but also have the distinct advantages of sensitivity (typi- 
cally 0.5 ug of DNA may be employed), simplicity, rapidity, and adapta- 
bility, and lend themselves to an investigation of various aspects of 
interaction of antibiotics with DNA (14-18). We report here the exploita- 
tion of this method to estimate (a) cross-linked DNA, also called CLC- 
DNA, (b) alkylation of DNA, and (c) cleavage of CCC-DNA. The assay for 
detecting CLC-DNA is based upon the enhanced fluorescence observed for 
ethidium bromide, which is bound to bihelical nucleic acids (14, 15, 19). 
We describe the application of this technique to a study of various 
aspects of the mechanism of cytotoxic action of mitomycin C. 


It is considered that mitomycin C is subjected in vivo to an 
initial NADH mediated reduction with a cellular reductase to the hydro- 
quinone with concomitant elimination of the 9a-methoxy grouping to form 
the reactive and unstable compound 2 (Scheme 1). This has led to the 
postulate that the lethal action of the mitomycin group of antibiotics 
can be accounted for by the introduction of covalent cross-links between 
complementary strands of DNA, thus preventing strand separation during 
the semiconservative replication process (20-22). Weissbach has demon- 
strated alkylation of nucleic acids with radioactively labelled mito- 
mycin C (20). The existing evidence implicates the carbamate and aziri- 
dine functions, so that the covalently linked complex is envisaged as 
compound 3 (Scheme 1). The precise sites of binding on the DNA are still 
under active investigation (23-26). 


Experimental 


Materials 


Ethidium bromide, calf thymus DNA, and a-amylase! powder were 
purchased from Sigma Chemical Co., mitomycin C was from Calbiochen, 


SGLC-DNA, covalently linked complementary-DNA; CCC-DNA, covalently 
closed circular-DNA; $DS, sodium dodecyl sulfate; OC, open eireular 5 


epr, electron paramagnetic resonance. 
: Beer ae: sc, EC 3.2.1.1; superoxide dismutase, EC 1.15.1.1; catalase, 


EC 1.11.1.6. 
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Sephadex G-100 superfine from Pharmacia, and DEAE Cellulose from Whatman. 
The A and PM2 DNAs were prepared as before (15). Superoxide dismutase 
was the gift of Dr. Alan Davison, and catalase was from Sigma Chemical Co. 


Fluorescence Assay for Detecting CLC 3 Sequences 


All measurements were performed on a G.K. Turner and Associates 
model 430 spectrofluorometer equipped with a cooling fan to reduce 
fluctuations in the xenon lamp source. Wavelength calibration was per- 
formed as described in the manual for the instrument. One centimeter 
round cuvettes were used. The excitation wavelength was 525 nm and the 
emission wavelength 600 nm. Medium sensitivity (x 100 scale) was generally 
used and water was circulated between the cell compartment and a thermally 
regulated bath at 22°C. Small samples (5 - 20 ul) from reaction mixtures 
were added to 2 ml of the assay mixture, which was 20 mM potassium phos- 
phate, pH 11.7, and 0.4 mM EDTA, with 0.5 wg of ethidium bromide per 
millilitre. The instrument was blanked with the assay mixture. 


The cross-linking assay was carried out as follows. A 10 ul ali- 
quot of the cross-linking reaction mixture was diluted in 2 ml of the 
assay solution. The fluorescence of the diluted solution was measured. 
The solution was then heat denatured at 96°C for 2 min and equilibrated 
in a water bath at 22°C for 5 min. The fluorescence of the solution was 
again measured. The ratio of the fluorescence after heating to the fluor- 
escence before heating gave the extent of covalent cross-linking. 


General Procedure for Determination of Cross-linking of DNAs with Reduced 
Mitomycin C 


Reaction mixtures were buffered to the appropriate pH with acetate 
atepHatso,or 5.0 .or with, potassium phosphate at pHiG.0;,° 7.2, .S-7,00r 10.3. 
Mitomycin C was reduced in the cross-linking solutions by an aqueous sol- 
ution of sodium borohydride. Cross-linking reactions were carried out on 
a scale of 40 - 100 pl. Reaction solutions contained approximately 
1.2 Aogq equivalents of DNA, 0.05 M buffer, 0.6 x 1074, 1.2 x 10-4, 2.0 x 
#0542 and 4.0 x 10-4 M mitomycin C, and 1.3 x Loss ye2e2axudOns, Far] Lx 
10-3, and 5.3 x 10-3 M sodium borohydride. Ten microlitre samples were 
removed at timed intervals and analyzed for extent of cross-linking by 
the fluorometric assay described above. A control reaction mixture pre- 
pared as above but containing no mitomycin was run with each experiment. 
Assay of the control reaction showed that there was no cross-linking in 
each case and that none of the components of the reaction mixture inter- 
fered with the ethidium fluorescence. 


5 


Purification and Fluorometric Assay of S) Endonuclease 


The S; endonuclease was purified by the method of Vogt (27) with 
the omission of the SP-Sephadex C-50 chromatography, the final step being 
Sephadex G-100 superfine chromatography in a buffer containing 30 mM 
sodium acetate, pH 4.5, 10 mM sodium chloride, 30 mM zinc sulfate, and 
10% aqueous glycerol. The G-100 fraction on SDS polyacrylamide gel 
electrophoresis (28) gave one major protein band and one minor band and 


“Aspergillus nuclease S$, (EC 3.1.4.-). 
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was essentially inactive on duplex DNA (see Results). The standard 1 
endonuclease reaction mixture contained 30 mM sodium acetate, pH 4.5, 

50 mM NaCl, 1 mM ZnSO4, and 2 Aogq equivalents of heat denatured calf 
thymus DNA, and was incubated at 45°C. A 20 ul sample of the reaction 
mixture was added to 2 ml of ethidium bromide assay solution at pH 8 
(S-mM-TIris.-HC1,.pH-8,..0..5 mM EDTA, and 0.5 ug of ethidium bromide per 
millilitre). Under these conditions, denatured DNA exists with about 

50% of its structure in short intramolecular duplex regions (14). Ona 
nucleotide residue basis, the fluorescence enhancement is 50% that of 
native DNA, and this is lost on degradation with S,; endonuclease. There- 
fore in calculations on the extent of cross-linked DNA by the S) assay, 
the DNA resistant to S; is taken to have twice the fluorescence enhance- 
ment per nucleotide residue of that which is degraded. Due to the slight 
activity of the S, endonuclease preparation on duplex DNA, the kinetics 
of degradation were always followed. After the initial very rapid de- 
gradation of denatured DNA, the duplex cross-linked DNA was very slowly 
degraded. 


Escherichia coli DNA which had been covalently cross-linked with 
reduced mitomycin C was dialyzed overnight at 4°C in 10 mM potassium 
phosphate at pH 11.5 and 0.1 mM EDTA, neutralized with 1.0 M Tris HCl, 
pH 8 (final concentration, 25 mM), and heat denatured (5 min at 95°C). 

To 80 ul were added 20 pl 5S) buffer, pH 4.3 (final pH, about 4.6). 
After removal of the first 10 ul sample, 1.5 U of purified S, endonuclease 
were added and the mixture was incubated at 45°C. Samples (10 ul) were 
added to the pH 8 ethidium bromide solution (2 ml) and read as described 
previously. Heat denatured and native E. coli DNAs were incubated as 
controls. 


Correlation of Loss of Fluorescence with Binding Ratio 


Reactions were carried out on a 600 ul scale. Reaction solutions 
contained of 0.520 Angp equivalent of DNA, 0.05 M buffer, 0, 1.2 x 10-4, 
BeB Crs £47. exh 1 084 S438 07k 16345 “and ?4 5 2" 10-4 M mitomycin C, and 
966 +xA7053 602 S6%RY 103594. 69% PO-35 5954x5103 PGIG8xE LOOM ands 9, 24x*20e2 
M sodium borohydride. After 30 min the solutions were assayed for loss 
of before-heat fluorescence by the fluorometric assay described above. 
Samples taken for radioactive counting in Aquasol were corrected for 
mitomycin C quenching. 


Unbound mitomycin C was removed by dialysis vs. a mixture of 10 mM 
potassium phosphate, pH 11.7, and 0.1 mM EDTA. Binding LacLos.wense: deter- 
mined by the procedure of Tomasz (26) except that nucleotide concentra- 
tions were determined by radioactive counting. The extinction coefficient 
of the DNA at 314 nm was calculated from the control (mitomycin C con- 
centration = 0) as 232. Extinction coefficients of 7000 for DNA at 260 
nm and of 11,000 for bound mitomycin at 314 nm were used. 
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Tnitial Bound 


monoalkylated DNA monoalkylated 
mitomycin C_ Loss of concentration Absorbance mitomycin C 
concentration fluorescence after dialysis of complex concentration Binding 
x 1074 (M) (%) x 10-5 (M) at 314 nm x 1076 (M) ratio 
0 0 y eye 3s 0.017 0 = 
Pe. a9 7.07] 0.032 ack 2 50 
1.8 37 6.63 02037 nS) 34 
2.4 58 7.03 0.048 eae 24 
3.0 67 Oacs 0.048 BaD 20 
ue 85 5.66 0.087 6.72 8 


Binding of Ethidium Bromide to DNA Covalently Cross-Linked and Mono- 
alkylated with Mitomycin C 


DNA samples which had been treated with reduced mitomycin C were 
dialyzed against a mixture of 10 mM potassium phosphate, pH 11.7, and 
O.1 mM EDTA. The percentage of CLC-DNA was determined by ethidium fluor- 
escence before and after dialysis. The absorbance of the dialyzed DNA 
was measured at 260 nm on a Gilford 2409 spectrophotometer. Increasing 
‘ amounts of DNA were added to an ethidium bromide solution, pH 8.0, and the 
fluorescence per unit increment in ODj9¢69 was calculated vs. a known amount 
of DNA as standard. 


General Procedure for the Determination of Cleavage of PM2 CCC-DNA with 
Mitomycin C 


Reaction mixtures contained 100 ug of mitomycin C per millilitre 
(0.3 mM), 200 ug of sodium borohydride per millilitre (5.3 mM), PM2 DNA 
at Tol? heey equivalents, and 50 mM potassium phosphate, pH 7.2. Fifteen 
microlitre samples were analyzed by ethidium fluorescence at pH 11.7, as 
above. Control experiments without mitomycin C showed a 75% return of 
fluorescence after heating (identical for DNA alone), indicating that the 
PM2 DNA was nicked to the extent of about 20% (14) (CCC-DNA gives a 30% 
increase in fluorescence on nicking). 


General Procedure for Determining Covalent Cross-linking of DNAs of 
Different G + C Content by Activated Mitomycin C 


The DNAs used were E. coli (mol. wt., 14.8 x 109, G + C. content, 
50%), calf thymus (mol. wt., 10 x 106, G+ C content, 40%), Clostridium 
perfringens (mol. wt., 11.4 x 106, G+ C content, 30%). The composition 
of the final reaction mixture was DNA at 1.20 Aogo equivalents, 50 mM 
potassium phosphate, pH 7.2, mitomycin C, 0.6. x 10-4 or 3.0 Oe tao and 
sodium borohydride, 1.3 x 10 ° or 6.6 x 10-3 M, respectively. Reactions 
were run at ambient temperature and aliquots were removed at timed in- 
tervals and analyzed for the extent of covalent cross-linking by the pH 


11.8 ethidium assay described above. 
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Control Experiments for Possible Inactivation of Catalase and Super- 
oxide Dismutase by Mitomycin C 


A solution containing mitomycin C at 0.3 x 1074 M and sodium 
borohydride at 0.5 x 10-3 M in pH 7 phosphate buffer was incubated with 
catalase at 4 x 10-8 Meat O0°C for 1h. Two millilitres of this solution 
were added to H909 to - obtain a final volume of 10 ml, 20 mM in H90>5. 

The decomposition of Hj05 at 0°C was determined by analysis of l-ml 
samples which were made up to 50 ml containing 1% sulfuric acid. To 
0.5 ml of this solution was added successively 1 M potassium iodide 
(0.5 ml), 1 mM acidified ammonium molybdate solution (075°m15 ,Pand*27 
starch solution (0.25 ml), in a total volume of 10 ml. The absorbance 
at 580 nm of the resulting blue solution is shown in Fig. 6. 


The effect of mitomycin C on superoxide dismutase was tested by 
incubating 1.5 x 10-/ M superoxide dismutase with 0.3 x 1074 M mitomycin 
Grand 0.5 x 10-3 sodium borohydride in phosphate buffer at pH Pwceat 
room temperature for 1 h. Then 0.5 ml of this solution was added to a 
solution containing finally, in 5 ml, 0.1 mM xanthine, 0.1 mM EDTA, and 
2° 10-5 M cytochrome c. The absorbance at 550 nm on addition of xanthine 
oxidase (final concentration, 5 ng/ml) was followed. 


Results 


Detection of Covalent Cross-linking of DNA by Mitomycin C by the 
Ethidium Fluorescence Assay 


Covalent cross-linking of A}-phage DNA occurred on incubating the 
DNA with reduced mitomycin C in a phosphate buffer at pH 7.2 at 22°C 
in the presence of sodium borohydride. Aliquots were withdrawn at in- 
tervals and the extent and progress of covalent cross-linking determined 
by the ethidium fluorescence assay. To measure cross-linking, X DNA was 
heat denatured and cooled in the presence of ethidium. Under these con- 
ditions separable strands do not reanneal, and only CLC? sequences can 
anneal to give ethidium fluorescence enhancement, the induced cross-link 
serving as a nucleation point for rapid renaturation. Temperature jump 
studies have shown that once such a nucleation point is present, the 
propagation of the helix proceeds at 10’ - 108 base pairs per second (29). 
The high pH of the assay is to prevent spontaneous formation of short 
intrastrand bihelical structures after heating and cooling of the indi- 
vidual separated strands of DNA. Such structures are thermally unstable 
when compared to those formed with CLC-DNA and are due to a certain 
degree of self-complementarity within strands of naturally occurring DNAs 
(14, 15). The results of the new technique of fluorescence enhancement 
are therefore in accord with the demonstration of the cross-linking of 
DNA by mitomycin C by Iyer and Szybalski (21) and by others CH2 13, 25, 
30). This correspondence was deemed desirable before the more sophisti- 
cated application of the technique to strand cleavage described below. 


Confirmation of Covalent Cross-linking of DNA by Mitomycin C Employin 
an S1 Endonuclease Assay 


To confirm that the fluorescence enhancement assay procedure 
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detects the formation of CLC-DNA formed as the result of a chemical cross- 
linking event, experiments were performed with the enzyme S} endonuclease. 
This specifically cleaves single stranded DNA (23) and is essentially 
inactive on duplex DNA (24). Since the time for the S} endonuclease 
digestion is long enough to allow renaturation of denatured i DNA, 
Escherichia coli DNA was used, which has a suitable Cot value. The DNA 
treated with mitomycin C and sodium borohydride was dialyzed to remove 
excess inorganic salts and decomposed mitomycin C before treatment with 
the enzyme. The results, summarized in Table 1, confirm the formation 

of covalent cross-links with the antitumor agent. The incomplete cross- 
linking with E. coli DNA as compared with T7 (14) or A DNA is probably a 
result of the much lower molecular weight of the E. coli DNA. There is 
good correlation between the fluorescence assay and the endonuclease 
assay. The fluorescence assay is normally carried out directly on the 
reaction solution. During dialysis there is no strand scission due to 
alkylation since the percentage of CLC-DNA is unaffected. 


Table 1. Comparison of the cross-linking of E. coli DNA assayed 
by ethidium fluorescence and S; endonuclease sensitivity 


Run No.* 
h 2 3 


Assay Cross-linked, % 


Ethidium fluorescence 
Before dialysis 34 48 61 
After dialysis 59 oii 60 


S; endonuclease 
After dialysis ) 32 51 44 


4Runs 1, 2 and 3 contained 0.06, 0.15 and 0.2 mM mitomycin C re- 
spectively, with a constant molar ratio of sodium borohydride to 
mitomycin of 96:1. 


Detection of Monoalkylation without Concomitant Depurination during 
the Treatment of DNA with Activated Mitomycin C 


At low levels of mitomycin C the fluorescence enhancement before 
heating to detect CLC-DNA was unaffected since the amount of DNA chemi- 
cally modified was insignificant compared with the number of ethidium 
intercalation sites. However, as the level of mitomycin was increased, 
a progressive decrease in the fluorescence was observed. Figure 1 and 
Table 2 indicate the extent of fluorescence loss with increasing mito- 
mycin concentration. Three explanations seemed plausible: (a) alkyla- 
tion of the DNA bases reducing the number of permitted ethidium inter- 
calation sites either by steric hindrance or charge repulsion due to the 
positive charge on ethidium and on alkylated guanines 5 (b) alkylation 
followed by depurination or depyrimidation destroying intercalation 
sites; (c) cleavage and degradation of the DNA by reactive free radi- 
cals paralleling the action of the antitumor quinone-containing drug 
streptonigrin (31). There is evidence in the literature that mitomycin 
C degrades DNA as well as inducing cross-links (32, 33). The following 
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Table 2. Radioactivity assay for alkylation 
of (d[14cje) + (d[3HIC), by mitomycin C@ 
Ep et ee ee ee CURTIN, COMDLee Gf 314 im, The concen 


Decrease in 
fluorescence 


Mitomycin C, 3H, 14¢, 3y/14c, with E. coli, 
ug/ml cpm cpm ratio z 
20 L292 1785 02724 dowd 
40 1225 1682 0.728 LAB YS 
60 26> 1733 0.730 61.7 
80 1149 1418 0.810 i ese 
100 1187 1528 0.776 19.6 


*The molar ratio of mitomycin C to sodium borohydride was 1:96 
in all experiments. 


experiments enabled us to distinguish between these various possibilities. 
Points b and c were tested simply by using a labelled synthetic DNA, poly 
(dG-dc) with 14c-labelled G and 3H-labelled C. The labelled polynucleo- 
tide was incubated with progressively increasing concentrations of mito- 
mycin C in parallel with E. coli DNA. There was a progressive decrease 
in the ethidium fluorescence. Using an acid insolubility assay, the 
results in Table 2 show that there is no loss of soluble radioactivity 
and that the ratio of 3H to 14c counts is essentially constant under 
conditions in which increasing concentrations of mitomycin produce 16.1 - 
79.6% reduction in ethidium fluorescence. This confirms that there has 
been no detectable loss of either purine or pyrimidine bases as a result 
of monoalkylation and excludes c. 


Figo. wb. The pH dependence of 
alkylation of DNA by reduced mito- 
mycin C. The reactions were at 
22°C in 50 mM phosphate at the 
appropriate pH and with A DNA at 
1.2 Aggg equivalents. The mito- 
mycin C concentrations were 0.6 x 
10745 Di2ecenOesye2 M'ee.10T%F and 
4.0 x 10-4 M and the sodium boro- 
hydridesr.3rx alors ye2 42 metus; 
3.1 x 107-3, and 5.3 x 1073 M for 
the symbols o, +, A, and O, re- 
spectively. 
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be ‘extent of bindin=e for progressively increasing amounts of 
mitomycin was determined by a modification of the procedure of Tomasz 
(26) by UV absorbance of the drug-DNA complex at 314 nm. The concen- 
trations of the 3H-labelled DNA before and after dialysis were deter- 
mined by counting. It may be seen from Pro. “2 that’ there ts’ a’ linear 
relationship between loss of fluorescence and mitomycin binding ratios 
over an extensive range. 
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LOSS OF FLUORESCENCE, % 
17) 
o 


40 

30 Fig. 2. Dependence of binding 
ratio between mitomycin C and 

20 DNA on loss of before-heat flou- 
rescence. 

10 

0 
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BINDING RATIO | 
(mole of nucleotide per mole of mitomycin) 


To further confirm that the drop in fluorescence with time was 
due to alkylation and not some product of the reaction mixture inter- 
fering with the fluorescence assay, the DNA was treated with reduced mito-- 
mycin C to varying extents such that the fluorescence drop varied between 
0 and 75%. The DNA was then dialyzed as described in Methods and the 
fluorescence per absorbance unit was determined. It was shown that the 
fluorescence enhancement was linearly related to the amount of absorbance 
added for a given dialyzed sample, and that the ratio of fluorescence to 
Aogo units varied from an arbitrary value of 1 for DNA showing no fluo- 
rescence drop to 0.18 for DNA showing a 75% fluorescence drop. For , 
intermediate values there was almost a linear relationship. It is evi- 
dent that the loss of fluorescence in the reaction mixture is not due to 
fragmentation of the DNA but rather to loss of intercalation sites by 
alkylation the only major modification mitomycin is known to confer on 
DNA. Iyer and Szybalski (21) found that only about one in five to ten 
antibiotic bound molecules formed cross-links, the others being attached 
to one strand mostly by monoalkylation (cr. also Ref. 5)". Therefore 
using the fluorescence procedure, the decrease in the before-heating 
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fluorescence value may now be employed as a measure predominantly of 
monoalkylation, which prevents ethidium binding by the mechanism 
detailed in a above. 


It may be seen from Fig. 1 that for a given pH value there is 
a progressive loss of fluorescence with increasing concentration of 
activated mitomycin C, confirming the detection of increasing proportions 
of alkylation accompanying covalent cross-linking of DNA. 


pH Dependence of Cross-linking and Monoalkylation of DNA by Mitomycin C 
and the sequence of Covalent Cross-linking 


It is significant that the decrease in fluorescence due to mito- 
mycin C is strongly pH dependent with lower pH favoring more rapid 
alkylation. This strongly suggests that under these conditions the 
aziridine function alkylate the bases of DNA first. This conclusion is 
in agreement with previous results in which the product after treatment 
of mitomycin C with a reducing agent followed by secondary rearrangement 
and then subjected to reoxidation corresponded to the structure in which 
the aziridine ring was opened (4, Scheme 1). The preparation and pro- 
perties of compound 4 have been described (35 - 38). The dependence of 
the rate of induced covalent cross-linking on pH was determined, as 
shown in Fig. 3. The trend toward more efficient covalent cross-linking 
with lower pH is clear. The results, which parallel those obtained for 
monoalkylation, again suggest that the first event in cross-linking is 
due to attack by the acid sensitive aziridine moiety under these condi- 
tions. Since tumor cells tend to have a lower pH as well as a more 
reducing environment, these factors could lead to selectivity of action 


G39). 


Fig. 35. The pH dependence of 
cross-linking DNA by reduced mito- 
mycin C. The conditions were as 
described under Fig. 1 but the 
fluorescence values were obtained 
after heating the DNA-ethidium 
mixture (Methods). The mitomycin 
C concentrations were 0.6 x TO 
T.2 < 10". and.2,0.4, UC? Macand 
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Dependence of Efficiency of Covalent Cross-linking of DNA by Mitomycin 


CeonaGat C Content of “DNX 


We applied the ethidium fluorescence assay to detect covalent 
cross-links and monoalkylation in three natural DNAs of different C+C 
content, Clostridium perfringens (30%), calf thymus (40%), and E. coli 
C502)" The cross-linking efficiencies are not strictly comparable 
because of slight differences in average molecular weights as determined 
by sedimentation velocities. Since only one cross-link per DNA is suf- 
ficient to produce rapid renaturation after cooling regardless of the 
length of the polynucleotide, DNAs of lower molecular weight require 
more cross-linking events on a nucleotide residue basis to obtain the 
same percentage of cross-linked DNA. Assuming a Poisson's distribution 
of the links, and further, that one link is sufficient to permit the 
spontaneous renaturation of the molecule, the average number of cross- 
links per molecule was estimated (m = 1n(1/P9), in which Py is the pro- 
portion of the molecules unlinked) to be 0.54, 0.92 and 1.27 for the 
three DNAs at a mitomycin concentration of 3.0 x 1074 M, and 0.08, 0.29 
and 0.46 at a mitomycin concentration of 0.6 x 1074 M. These values 
are closely comparable with similar estimates made by lyer and Szybalski 
for mitomycin cross-linking (5). 


The Mechanism of DNA Degradation by Mitomycin C 


Mitomycin C has been observed to cause DNA degradation (32, 33), 
which accompanies covalent cross-linking; hitherto this had been con- 
Sidered to be due largely to the activation of intracellular deoxyribo- 
nucleases (40, 41). To determine if mitomycin C also induces single 
strand cleavage of DNA, in common with streptonigrin (42 and references 
therein), in the course of its cytotoxic action, experiments were per- 
formed with CCC-DNA derived from PM2 bacteriophage. The amount of 
ethidium taken up by CCC-DNA is restricted because of topological con- 
straints. If one or more single strand nicks are induced by chemical 
means, this results in a release of topological constraints and the OC 
form permits the intercalation of more ethidium with an increase in the 
observed fluorescence for PM2 DNA of about 30% (14). Upon heating and 
cooling, the OC-DNA is denatured (in contrast to CCC-DNA) into one 
circular single strand and one linear single strand which do not bind 
ethidium at pH's >11.5, and the fluorescence falls to zero. The results 
of various treatments on CCC- and OC-DNA are shown in Fig. 4. Assay 
for strand scission in DNA using CCC-DNA is complicated by concomitant 
cross-linking and also alkylation. However, neither of these latter 
reactions can give rise to an increase in fluorescence, which can be 
accounted for only by nicking CCC-DNA. However, the loss of fluorescence 
normally observed on heating the nicked DNA is not observed due to cross- 
linking. Indeed, the OC-DNA originally contaminating the CCC-DNA (75% 
return of fluorescence after heat treatment) appears as CLC-DNA since 
at early times there is 100% return of fluorescence after heating. It 
was shown in a control experiment that sodium borohydride is without 
effect on PM2 CCC-DNA. The results, which are summarized in Fig. 5, 
confirm that mitomycin C when reductively activated does induce single 
strand cleavage of DNA, as shown by the rise in fluorescence. This was 
independently confirmed by sedimentation velocity studies in which the 
compact CCC-DNA (S20,w = 30) was converted to material with a 
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BEFORE HEAT 


SS 
O~ = Ox 
Ow — Qt 


Fig. 4. A diagrammatic repre- 
sentation of the various forms of 
DNA and the effects of heat treat- 
ment, with the relative fluores- 
cence values on a per nucleotide 
bases. The PM2 CCC-DNA is nega- 
tively supercoiled as isolated, 
but positively supertwisted in the 
assay mixture due to unwinding by 
ethidium. The supertwists are not 
therefore indicated. 


sedimentation rate of OC-DNA (Ssoq,w = 


23). 
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(BEFORE HEAT) 


INITIAL FLUORESCENCE, */» 
| 
8 
| 


(AFTER HEAT) 


10} 5 10 15 20 
TIME (min) 


Fig@ 5. Single strand scis- 
Sion of PM2 CCC-DNA by mitomycin 
C. Reactions were carried out at 
ambient temperature in phosphate 
Dur her ep -7. 2... CcOnta1 iT lgioe | .\l-5 
Agogo equivalents of PM2 DNA. Ad- 
ditional components: (Vy) mito- 
mycin C 3.0 x 10-4 M, sodium 
borohydride 5.3 x 107-3 M, isopro- 
pyl alcohol 2.5 x 1071 M; (A) 
mitomycin C 3.0 x 10-4 M, sodium 
borohydride 5.3 x 1073 M, sodium 
benzoate 5.0 x 1072 M; (o) mito- 
mycin’ C3 .0 % 10-4 M, sodium boro- 
hydride 5.3 x 1073 M, catalase 
4.1 x 10-6 m; (@) mitomycin C 
ep te 10-4 M, sodium borohydride 
5.3 «10-3 MS* catalase 4.1%! 1076 
M, superoxide dismutase 6.1 x 
10-5 M; (+) mitomycin C 3.0 x 
10-4 M, sodium borohydride 5.3 x 
10-3 M, superoxide dismutase 3.0 
x 10-5 M; (x) mitomycin C 3.0 x 
107-4 M, sodium borohydride 5.3 x 
1073 M; (0) control. 


The induction of single 


strand cleavage may be retarded by catalase or by a combination of cata- 
lase and superoxide dismutase or by free radical scavengers such as iso- 


propyl alcohol or sodium benzoate (see Fig. 5 ests : 
of cleavage similar to that operating for reduced streptonigrin, in which 


cleavage of the PM2 CCC-DNA is induced by hydroxyl radicals as follows 


{31 )¥e 


Mitomycin C + NaBH4 ——> Mitomycin C H2 
Mitomycin C H2 + O2——* Mitomycin CH + HO9 
HO?” — Ht + 05° 
2HO>” = H202’ “+502 
On + Hg07 —* HO’ + HOT at 09 


This suggests a mechanism 
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This scheme requires the intermediacy of the semiquinone of mitomycin C 
which in contrast to that of streptonigrin must have a very short life- 
time since, unlike the latter, it has not been detected by epr in vivo 


or in vitro (42). 


Recent electroanalytical data give an estimated life- 


time of mitomycin C semiquinone of 10 s (43). In contrast to strepto- 
nigrin (44), mitomycin C did not inactivate the action of the enzymes 
catalase (see Fig. 6), nor superoxide dismutase (see PYosey ye 


ABSORBANCE, 580 nm 


ABSORBANCE, 550 nm 


Oo 
Wa 


20 


30 40 50 
TIME (min) 


TIME (min) 


60 


Fig. 6. Control experiments 
for inactivation of catalase de- 
composition of H209. Reactions 
were carried out at 0°C in a total 
volume of 10 ml, buffered at pH 
7.0 by 0.06 M potassium phosphate, 
and containing 0.02 M H202 and 8 
x 10-9 M catalase. Additional 
components: (xX) mitomycin C 6.0 
x 10-6 M, (A) sodium borohydride 
te Lx 10; te (e) mitomycin C 6.0 
x 10-6 M and sodium borohydride 
Petes 107 ait. 


Pet) Control experiments 
for inactivation of superoxide 
dismutase action on the reduction 
of cytochrome c. Reactions were 
Carried, 0ut.at.2> Gain 4 total 
volume of 3.5 ml, buffered at pH 
7.8 by 0.05 M potassium phosphate 
and containing 10-4 M EDIA, 1074 
M xanthine, and 2 x 1075 M cyto- 
chrome c, and initiated by the 
addition of 100 wl.of,.a ,»solution 
of xanthine oxidase (0.18 pg/ml). 
Additional components: (ee) super- 
oxide dismutase 1.5 x 10-8 M; 

(o) mitomycin C 3.0 x LO GoM, 
superoxide dismutase 1.5 x 10-8 M; 
(x) mitomycin C 3.0 x 10-6 M, 
sodium borohydride 5.3 x 10-5 M, 
superoxide dismutase 1.5 x 10-8 MS 
(vy) sodium borohydride 5.3 x 1075 
M, superoxide dismutase 1.5 x 
10-8 M; (A) mitomycin C 3.0 x 
10-6 M, sodium borohydride 5.3 x 
10-5 M; (©) mitomycin C 3.0 x 
10-6 M. 
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Cross-linking by Mitomycin C without Reduction 


As shown in Scheme 1, the reduction of mitomycin C is thought to 
activate the aziridine ring by promoting the elimination of methanol (5). 
The aziridine ring is then more readily attacked by nucleophiles on the 
DNA. However, lowering the pH alone was found to be sufficient to pro- 
mote alkylation by the aziridine ring followed by cross-linking via the 
carbamate. Freese and Cashel have demonstrated that treatment of DNA 
with low pH conditions can induce covalent cross-links (45); however, 
careful controls showed that under the conditions of the present experi- 
ment no acid-promoted cross-linking was significant. Figure 8 shows the 
kinetics of cross-linking in the absence of borohydride. Cross-linking 
is considerably slower than in the presence of reducing agent but it 
does not have to be reduced even within the cell for cross-linking to 
occur. A curve obtained for T/7 DNA was almost identical with that for 
A DNA. 


O O 
O T OH | OH 10_— 
H2N CH2,O0CNH) H2N CH,O0CNH) : H,N CH, 
ROCHE: (1) NADH DNA 
2)—- 1 
CH; ones (2) -CH;0H CH N cary CH; N 
oO OH a OH 
NH, 
1 2 3 
(1) H* 
(2) O2 
° | 
H2N CH,0CNH, 


_-OH 


NH, 


SCHEME 1. The chemical transformations of mitomycin C involved in 
its enzymatic reduction and covalent attachment to DNA. 


Fig. 8. The cross-linking of 
_ADNA by mitomycin C without reduc- 
tion. The reaction mixture con- 
tained A DNA at 0.7 Agg9 equiva- 


Sie lents, 50 mM sodium acetate, pH 4, 
< and 3.0 x 1074 M, mitomycin C, at 
3 22°C. Samples of 15 ul were added 
2 20 to the alkaline ethidium assay 
5 mixtures and the percentage of 
= cross-linked DNA was equated with 
a the percentage of fluorescence 
& 10 remaining after the heat step. 
i Under these conditions the fluo- 
rescence remained constant after 
| heating. (e) Control experiment 
fs 10 20 30 at pH 4 with no mitomycin. 
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Conclusion 


The fluorescence techniques we describe can be used with suitable 
DNA substrates to investigate the cross-linking, alkylation, and strand 
breakage of DNA conveniently and rapidly. There are many possibilities 
for the study of antibiotics which interact with DNA. So far, because 
of the high sensitivity of fluorescence, the large dilution into the 
assay mixture has not yet resulted in any reaction component interfering 
with the fluorescence. The only precaution is that ethidium itself will 
cleave DNA slowly (data of Morgan), requiring both light and oxygen. 
Therefore it is recommended that the samples assayed by read immediately 
or be kept in the dark. Applications of this technique in studying the 
action of other clinically useful synthetic and natural antitumor agents 
will be reported. 
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(Reprinted from Canadian Journal of Chemistry (1975) 53, 2891-2905.) 


Studies Related to Antitumor Antibiotics. Part-Vir.” Gorreratron 
——$—— emo antipiotics. fart Vi. Correlation 


of Covalent Cross-linking of DNA by Bifunctional Aziridinoquinones 
with their Antineoplastic Activity 


M. HUMAYOUN AKHTAR,! ASHER BEGLEITER,* DOUGLAS JOHNSON, 3 
J. WILLIAM LOWN, LARRY McLAUGHLIN,* AND SOO-KHOON SIM? 
Departments of Chemistry and Biochemistry, University of Alberta, 
Edmonton, Alberta T6G 2G2 


Certain bisaziridinopyrrolidinoquinone analogs, which contain the 
structural moieties essential for physiological activity in the parent 
antitumor agent mitomycin C, have been synthesized. These compounds 
efficiently induce covalent cross-links in DNA as shown by the ethidium 
fluorescence assay which was confirmed by an independent S, endonuclease 
assay. The interaction of clinically active and structurally related 
antitumor aziridinoquinones with DNA have been examined similarly. The 
aziridinoquinones cross-link DNA efficiently with a marked pH dependence. 
Parallel dependence is observed on pH and concentration of alkylating 
species in the concomitant alkylation which does not result in cross- 
linking as measured by the suppression of the before heat fluorescence. 
The latter phenomenon was shown by the application of radiolabelled 
polynucleates not to be accompanied by depurination. A direct correla- 
tion exists between the extent of covalent cross-linking and (G + C) 
content of various DNA's of comparable molecular weight as in the case 
of mitomycin C. Estimates of the average number of cross-links per DNA 
molecule range from 0.61 to 1.71 depending on (G + C) content. The rate 
of acid assisted opening of a model aziridinoquinone measured spectro- 
photometrically at different pH values parallels the observed rate of 
covalent cross-linking and alkylation. It was shown independently that 
the intermediate 2,5 bis(2-acetoxyethylamino )-3, 6-dimethoxy-1, 4-benzo- 
quinone does not cross-link DNA. A correlation is made of antineoplastic 
activity against a variety of tumors with covalent cross-linking ability 


using A-DNA. 


Introduction 


In the alkylating class of antitumor antibiotics the most effective 
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3MRC Studentship holder 1972-present. 

4NRCC Studentship holder 1975-present. 

SNRCC Postdoctorate Fellow 1974-present. 


CL 


(20S -1085 £2. (TCL) qageihaeD: Fo! Lente 


qobjisiorxt 


e6noaty ont ESA? Ree 


4 ms 4 aA! + ol 
| yh rp an oe ey 
yon eniauba §.weris.ioee see E, SATA, U0! 
=MTe WOOHS-OdE "GEE", MLINOUALM YALA sWWO1 M 
See 20, niente waselmoniaoltd bas estates to 
SDS WT aszediA’ canta 14 ve 
hy it aha > 
= ‘ | a ae ie a ; 
ofa, aipinos ApbAw « tere LN eae ke 
*. sostaq ond) ut tet yon. Ino tyolotaydg ro? Isdandaes soizotom Ib 
ab rivognee. seall -hasteed2age nesd sya 40. | @ Jn9gs. TOME. 
mithkdas ad2” yd ewade es ANG ai atnil-eecto mn | — 
sesgiounphae pe aiSsbeeqsbnt ms yd Beatkines saw. Sakae ee 
bsisisa Wietuaauive bas oviaes yitsorArt to ainteated = 
oT 4d sei bake bsrliexe aged , (sa tjiu eemonivpootbittss | 
.gonshregsb Hq badvas s dzte Serna daha aq anit 19 ashonks poakaey 
onigainits 30 iit tax2299068 “‘boye Ba) 00 1 
~2807%9 (at, Jivees Jon saob. dodtiw sotsekesth Saeiaoee Se ou Ie 
.Soagscarsoul seo stoted sii te apna eel foal 
‘bebiedplothes, Yo: noropokiggs 403 ed 
-sfoyros Josabh A .nokdantwwyeb ie kanes | 
(3 + 9) bas yrtlsl react Jebileven’ ter <7 ps 
9265 gd3i nt ee aigtow telvs9 Lom eee we fl = 
AVG ieq eioii-reors to Isdmun o B® ono A 
sist ad? sdmesaon (2 + ® ne ar . in 
~oxI99 


190b3 204 pbansd to ssuzhaenT 19008). 


ALS te 3 wolts ; wre 
eat 33 q Shh lh doh rebLon er gi 4 


sa subs 


£59 


are bifunctional including many chemically important agents such as mito- 
mycin C and synthetic agents e.g. Trenimon (la). There is much evidence 
to indicate that DNA is the cell component most sensitive to the attack 
of such agents (2). As we described in Part V of this series the method 
of fluorescence enhancement employing the intercalative trypanocidal 
dye ethidium bromide which specifically detects double stranded DNA is 

a convenient procedure for investigating many aspects of the interaction 
of alkylating agents with the cell's genetic material (3). We describe 
the application of this technique to a study of the rate, extent, geo- 
metrical, substituent, and purine base specificity requirements for the 
covalent cross-linking of polynucleates, and attempt to correlate such 
factors with their antineoplastic properties. 


Results and Discussion 


Synthesis of Analogs of Mitomycin C which Covalently Cross-link DNA 


In their studies on the mode of action of mitomycin C, l, Szybalski 
and Iyer (4) showed that the rate of cell death correlated well with the 
degree of DNA cross-linking and have calculated that one cross-link per 
genome is sufficient to cause cell death. An examination of the litera- 
ture of cancer chemotherapy reveals that many effective bifunctional 
agents have quite widely different geometries (la). To examine further 
the characteristics of cross-linking of DNA with a view ultimately of 
establishing a rapid and convenient screen for potential antitumor 
agents, we sought initially a group of analogs of mitomycin C. Despite 
intensive and ongoing efforts by several groups of workers, mitomycin C 
has not as yet yielded to a total synthesis (5). There is also interest 
in chemically modified forms of mitomycin C (5h). We have prepared a 
group of analogs which possess what are regarded as the essential struc- 
tural moieties for physiological activity, i.e. the bisaziridinopyrroli- 
dinoquinones, 2. 


The rationale is that compounds 2 retain the reactive aziridine 
and carbamate functions which separately have been shown to alkylate DNA 
(lb, 6). The distance between the two potential aziridine alkylating 
centers in 2 is comparable with that of the clinically useful 2,5- 
diaziridinoquinones (1). In addition, the greater confomational ft lexi-= 
bility between the alkylating centers of 2 with the concomitant increase 
in the number of possible alkylating sites on DNA may compensate for the 
reduction in reactivity resulting from the loss of conjugative enhance- 
ment afforded by the indole nucleus in 1. It has not been demonstrated 
that the rate of alkylation is significant in determining antitumor 
activity. The quinone function is retained for two reasons (i) so that 
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the structure of analogs 2 should resemble 1 for possible intercalative 
properties (7) and (ii) we have established that mitomycin (3) in common 
with the structurally related antibiotic streptonigrin (8) degrades DNA 
employing its oxidative capacity which contributes significantly to 

their cytotoxic properties. In this connection there is much accumulated 
evidence that quinone containing substances display marked antibacterial 
and antitumor activity (5h, 9). In the event, analogs of type 2 proved 

to be quite efficient cross-linking agents which are useful in delineating 
the geometrical and conformational constraints in cross-linking of DNA. 


Functionalized quinones bearing the required carbamate side chain 
were prepared by the route illustrated in Scheme 1. The required bi- 
cyclic aziridines were prepared via 1,3-dipolar azide addition to 3- 
Pyrroline and subsequent photolysis of the triazolines (10) (Scheme 2). 
The bicyclic aziridines were then coupled to the functionalized quinones 
using copper acetate as catalyst (11) (Scheme 3). 


Detection of Covalent Cross-linking of DNA by Bicycloaziridinoquinones 
and Confirmation by S) Endonuclease 


When the synthetic analogs 13 were incubated in 20% aqueous pyri- 
dine with A-phage DNA (mol. wt. = 31 x 106) in an acetate buffer the 
inducation of covalent cross-links was detected as summarized in Table l. 
It is evident from the results that covalent cross-linking to the DNA is 
Occurring quite efficiently across the two aziridine positions (compare 
13d with 13b). The span between C, and Cj9 of the activated form of 
mitomycin is ca. 4.3 A compared with the span between the alkylating 
centers of 13d of 10.1 - 10.8 A indicating bifunctional agents of quite 
different dimensions may be accommodated by cross-linked DNA. Secondly, 
en electron-withdrawing group in R, enhances the efficiency of covalent 


cross-linking. 
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SCHEME 3 


“TABLE 1. Induction of covalent cross-links in A-DNA by 
mitomycin C analogs 


Max in Time to max in 


Concentration cross-linking cross-linking 
Compound (ug/l) (%) (min) 
13d es 78 240 
13b 2.5 61 180 
13a 2.5 38 90 
Le ye 34 240 


The induction of CLC sequences with compounds 13d received inde- 
pendent confirmation by the use of the S, endonuclease assay described 
previously employing Escherichia coli DNA (3) (see Table 2). 


TABLE 2. Confirmation of covalent cross linking of DNA by 
mitomycin analogs with S; endonuclease assay 


a 
Time (min) 


10 90 195 270 


% cross-linking by 


CLC assay 16 an) aL 22 
% cross-linking by 5S) 
endonuclease assay 9 15 19 16 
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The substantially lower values for the induction of covalent 
cross-linking reflects the use of E. coli DNA of much lower molecular 
weight (14.8 x 106) than that of A-DNA (31 x 106). Since only one cross- 
link is required per molecule to be detected by the CLC assay, a given 
concentration of alkylating agent will induce proportionately fewer 
cross-links in the E. coli DNA. The S] endonuclease assay gives different 
values because the time required for digestion permits a small amount of 
spontaneous renaturation of the E. coli DNA at the pH used to be compat- 
ible with the enzyme. In addition the temperature used in the enzyme 
digestion probably permits some slow degradation of double stranded DNA 
presumably via the natural "breathing'"' mechanism which produces transient 
single strand regions (12). There was no evidence of radical induced 
single strand cleavage of PM2 circular DNA by 13d as has been found 
for mitomycin C and streptonigrin (3). 


Mode of Cytotoxic Action of Structurally Related Aziridinoquinones 


Many aziridine containing compounds of quite different structures 
have useful antitumor properties (lb). Thus TEM (14, 2,4,6-tris(l-aziri- 
dinyl)-s-triazine) was the first alkylating agent found suitable for oral 
administration and is still in clinical use (13). Also included are 
tetramin (15) active against leukemia L1210 (14), TEPA (16a), phosphor- 
amides like tris(l-aziridinyl) phosphine oxide triethylene phosphoramide 
and thio-TEPA the sulfur analog 16b which effect complete regression of 
Flexner-Jobling rat carcinoma (15), and N,N'-octamethylenebis-l-aziridine- 
acetamide (17) which is active against Ehrlich ascites carcinoma in mam- 
mals (16). Interest in the antitumor properties of the above compounds 
led to the synthesis and evaluation of many aziridinoquinones from which 
many effective agents were found including the clinically active benzo- 
quinones 2,5-bis(l-aziridinyl)-3,6-dipropoxy-p-benzoquinone (18a), 2,5- 
bis (l-aziridinyl)-3, 6-bis (2-methoxyethoxy)-p-benzoquinone (18b) (17), and 
tris(l-aziridinyl)-p-benzoquinone, Trenimon (19)(18). In common with 
other alkylating agents, they exhibit greatest effectiveness against 
leukemias and other lymphomas such as Hodgkin's disease. The mechanisms 
by which aziridine containing agents exert their antitumor activity cannot 
as yet be stated with confidence. Among the suggestions that have been 
made include (i) their alkylating ability (2a), (ii) their covalent cross- 
linking of DNA (1, 2), and (iii) that hydrogen peroxide or other oxidizing 
species formed by intracellular redox reactions of quinones are the real 
cytostatic agent (19). Efforts have been made, without notable success, 
to correlate antitumor activity with magnetic susceptibility and electron 
delocalization (20), and with partition coefficients between benzene 
and aqueous phosphate buffer solutions C2ry. 


The convenience of the ethidium fluorescence assay described above 
offers a means for investigating many of the suggestions that have been 
made with respect to the modes of action. Three general types of .a7i1ri-— 
dinoquinones were synthesized, 20, 21 and 22. The induction of CLC se- 
quences in A-DNA was established for compounds of the type 20 and 21 in 
the concentration range 0.05 - 1.00 ug/ul using the ethidium assay (3, 
22) as illustrated in Fig. 2 and Tables 6 and 7 where agents are listed 
in order of cross-linking ability. Independent confirmation that this | 
assay detects CLC sequenced DNA for this group of bifunctional alkylating 
agents was obtained by the 5} endonuclease assay (3) as summarized in Table 3. 
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dvs 
= N ; : O 
i x NH -CO-CH,N<] A, & tN 
Ch [N—CH,—CH—OH [-N—P—NqJ (CHs)g 
Noe NT | | | RO Nie gh /, 
} CH=CH, N NH-CO-CH,;N<] O O 
a4 15 16 17 18 19 
atX=0O eRe 1G3H, 
bata S bh R=CH,CH,OCH, ri 
6) 6) fe) 
Ly R O 
ae oe ee 
O V ‘ N N 
TEX L\ 
20 21 22 
TABLE 3. Confirmation of covalent cross-linking of DNA by 
aziridinoquinone (20) with S, endonuclease assay 
Time (min) 20, R¥=*Ch, 
0 45 135 270 
% cross-linking by CLC assay 3.4 4225 65.3 36.8 
4 cross-linking by S, endonuclease* 9.7 ZG ral 42.0 B0e.6 


*Corrected for double strand digestion and the fact that FU/A260 for 
single stranded DNA = 1/2 FU/A260 for double stranded DNA. 


A correspondence is again noted for these independent assays 
bearing in mind the remarks about the S, assay made earlier. It may be 
seen that for 1,4-benzoquinones alkoxy substituents enhance both antineo- 
plastic activity and cross-linking efficiency whereas chloro substituents 
suppress both these phenomena. A carbamate side chain, unless activated 
as in the mitomycin C structure does not contribute to increased DNA 
cross-linking. Ortho substituted bifunctional agents are particularly 
effective in cross-linking and in vivo antitumor data are awaited with 
interest. The monofunctional aziridine ortho and para substituted naph- 
thoquinones are included as controls and, as expected, do not exhibit 
cross-linking. 


pH Dependence of Covalent Cross-Linking and Alkylation without Depurina- 
tion of DNA by Aziridinoquinones 


As has been observed with the antitumor antibiotic mitomycin (3), 
the detection of CLC sequenced DNA is accompanied by a suppression of the 
before heat denaturation fluorescence reading. A synthetic polynucleotide 
containing selective radioactive labels in the purine and pyrimidine bases 
was treated with an aziridinoquinone to the stage where in a control 
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experiment an appreciable decrease in before—heat flucrescence value was 
observed. The alkylated DNA's were washed with trichloroacetic acid and 
counted. The results summarized in Table 4 show that no depurination 
accompanies alkylation or covalent cross-linking as was found for the 
antibiotic mitomycin C. This evidence together with the close parallel 
between cross-linking and suppression of before-heat fluorescence (see 
Figs. 1 and 2) strongly suggest that the latter phenomenon is due to 
alkylation of DNA which does not lead to cross-links and is manifest by 

a destruction of potential ethidium intercalation sites. Several physical 
explanations are possible for the latter phenomenon, for example steric 
hindrance to approach of the ethidium or a referee has suggested quenching 
of the ethidium fluorescence by nearby bound drug or by drug modified 
bases. We are currently examining the physical cause by employing a range 
of ethidium analogs but meanwhile the decrease in before-heat fluorescence 
is used as a measure of single covalent attachment of drugs to DNA. 


TABLE 4. Radioactivity assay for monoalkylation of polynucleates 
with aziridinoquinones with no depurination 


3H(FP/TCA channel) 140 (FP/TCA channel) 


Time (h) counts x 10-3 counts x 1073 3y/14¢ 
0 11.4 F670 0.713 

2 11.3 ji somes, 0.646 

18 i230 20.4 0.618 

46 14.3 22.4 0.638 

65 267 23.6 0.708 


Freese and Cashel (23) have reported a small amount of induced 
cross-links in DNA by low pH alone. For example at pH 4.2 and at 25°C 
their sample was cross-linked to the extent of 114 over a 2 h period. In 
our studies of pH dependence (Figs. 1 and 2) strict controls were run 
with } DNA at the corresponding pH but in the absence of the substrate. 
Over the time scale of our experiments no acid induced cross-linking 


was detected by the CLC assay. 


The extent of alkylation as measured by the decrease in before- 
heat fluorescence showed a much more pronounced pH dependence than was 
found with mitomycin C (see Fig. 1). Similarly the concomitant covalent 
cross-linking of DNA by the aziridinoquinones shows a much more marked 
pH dependence than reduced mitomycin C (see Fig. 2) ovelhks reflects the 
structural differences; while the aziridine moiety of the activated 
mitosene 23 received assistance to opening by conjugative interaction of 
the indole nitrogen lone pair at any pH value (4), the aziridine groups 
in 24 require protonation to assist alkylation. 
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FIG. 1. The pH dependence of 
alkylation of X DNA by 2,5-bis 
(aziridinyl)-3, 6-dimethoxy-1, 4- 
benzoquinone at a final concentra- 
tion of 0.8 pg/pl. Reactions were 
performed in 1.0 M buffered aqueous 
solutions at 37°C with a final DNA 
concentration of 1.40 0.D.o¢9 
units. 
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FIG. 2. The pH dependence of 
covalent cross-linking of A DNA 
by 2,5-bis(aziridinyl)-3,6-dimeth- 
oxy-1,5-benzoquinone at a final 
concentration of 0.05 ug/pl. 
Reactions were carried out inca’. 
1.0 M buffered aqueous solutions 
at 37°C with a final DNA concen- 
tration of 1.40 0.D.9¢9 units. 
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Dependence of Extent of Covalent Cross-linking of DNA's by Aziridino- 
quinones on (G + C) Content of DNA 


No evidence has as yet been presented for any base preference in 
the alkylation of DNA by aziridinoquinones. Therefore we ed the 
interaction of 20 (R = OCH3) with three difference natural DNA’s of 
different (G+ C) content: Clostridium perfringens, 30%; calf thymus, 
40%; and E. coli 50%. These three DNA's had comparable molecular weights 
as determined by sedimentation velocity studies and therefore their 
reactivity towards the aziridinoquinone could be compared directly. Te 
May be seen from Fig. 3 that a direct correlation obtains between maximum 
extent of covalent cross-linking with higher (G + C) content for a given 
concentration of the cross-linking agents. Assuming a Poisson's distri- 
bution of the links and further that one link is sufficient to permit the 
spontaneous renaturation of the molecule an estimate of the average number 
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FIG. 3. The dependence of maxi- 
nf mum percentage covalent cross- 
linking of DNA's by 2,5-bis(aziri- 
dinyl)-3,6-dimethoxy-1, 4-benzoqui- 
none (0.05 ug/yl) on the percentage 
(G + C) content of the DNA. The 
DNA's used were Clostridium per- 
irimgens (3072 G+ C), mel wt. 11.4 
x 109; calf thymus (407 Git C);- mol. 
wt. 10.8 x 10; E. coli (50% G + C) 
14.6 x 106, with final concentra- 
tions respectively of 1.40, 1.145, 
ama 0390-0 o¢9 unite. 


N oo 
(o) oO 


8 


MAXIMUM % CROSS - LINKING 
ts] w -4 w 
rs) ° So 3 


cS 


°50 40 50 
‘%e (G+C) CONTENT 


of cross-links per molecule was made, m = 1n(1/P9) where Po isetherpro= 
portion of the molecules unlinked as 0.62, 0.93, and 1.71 for the three 
DNA's. These are closely comparable with similar estimates made by Lyer 
and Szybalski (24) for mitomycin cross-linking. Recent work by Tomasz 

(25) rules out direct alkylation of the N-7 position of guanine by mito- 
mycin C but does not exclude reaction at 0-6 as originally suggested by 
Szybalski and Iyer (4). This may then apply to the aziridinoquinones. 


Kinetics of Acid Assisted Ring Opening of Aziridinoquinones 


The rate of acid assisted opening of 20 in 1 M sodium acetate 
buffers in the range pH 4.0 to 6.0 in 254 tetrahydrofuran - 75% water 
was determined spectrophotometrically employing concentrations comparable 
with those used for DNA cross linking by measuring the rate of appearance 
of the ring opened species 26 at 380 nm. Since attempts at product iso- 
lation at intermediate stages afforded only 20 or 26 it was concluded that 
the lifetime of 25 was very short under the solvolysis conditions and 
therefore its equilibrium contribution to the absorbance at 380 nm could 
be neglected to a first approximation (Scheme 4). 


The pseudo unimolecular rate constants at different pH values are 
listed in Table 5. It may be seen that the pH dependence of the aziridine 
opening parallels the rate of covalent cross-linking (Table 5 and Fig. 2) 
and of alkylation of DNA (Fig. 1). It was shown in an independent ex- 
periment that the diacetate 26 in which the aziridine rings were opened 
did not cross-link DNA. Therefore the strong pH dependence of the cross- 
linking suggests, as expected, that the active species involved directly 
in covalent bonding to DNA is the intermediate aziridinium ion. 
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TABLE 5. Pseudo unimolecular rate constants 
for the acid catalyzed ring opening of 
2,5-diaziridino-3, 6-—benzoquinone 


pH Rate constant jk x 1072 (s71) 
as) 9.04 

5 AQ 8.35 

6.0 Zeng 

i 2 Too slow to measure 
8.7 Too slow to measure 


Correlation of Covalent Cross-Linking with Antineoplastic Activity 


Having established a convenient procedure for detecting alkylation 
and covalent cross-linking of various DNA's by aziridinoquinones and other 
alkylating agents it is encouraging to observe that a fairly good corre- 
lation exists between the extent and rate of covalent cross-linking of 
DNA and antineoplastic activity against leukemia L1210 and several solid 
tumors (see Table 6). This parameter may prove useful for prescreening 
antitumor agents for clinical trials. It is recognized that other biolog- 
ical and pharmacological parameters, in addition to DNA covalent cross- 
linking (i.e. drug uptake, partition, metabolism, and toxicity) contri- 
butes to the ultimate effectiveness of cancer inhibitory properties. Table 
7 lists covalent cross-linking results for additional aziridinoquinones 
for which, as yet, no in vivo antitumor data is available. 


Experimental 


Melting points were determined on a Fisher-Johns apparatus and are 
uncorrected. The i.r. spectra were recorded on a Perkin-Elmer model 421 
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TABLE 7. Covalent cross-linking of i DNA by aziridinoquinones 


i DNA cross-linking 


Maxi Ti 
Structure Concentration (ug/l) “(L) peer ares 
2 
0.4 $5.5 30 
<s 0.04 80 OS 
A 
O 
Oo 
0.4 7824 120) 
N 0.04 BW sn 
a. 28 45 


LN CH, 0.4 59 60 
CH; NJ 


"aN cl 
300 of 0.24 24 270 
Oo 


*Shows substantial monoalkylation. 


spectrophotometer and only the principal, sharply defined peaks are re- 
ported. The n.m.r. spectra were recorded on Varian A-60 and A-100 analyti- 
cal spectrometers. The spectra were measured on approximately 10-15% (w/v) 
solutions usually in CDC13, with tetramethylsilane as a standard. Line 
positions are reported in p.p.m. from the reference. Mass spectra were 
determined on an Associated Electrical Industries MS-9 double focusing 
high resolution mass spectrometer. The ionization energy, in general, 

was 70 eV. Peak measurements were made by comparison with perfluorotri- 
butylamine at a resolving power of 15000. Kieselgel DF-5 (Camag, Switzer- 
land) and Eastman Kodak precoated sheets were used for thin-layer chroma- 
tography. Microanalyses were carried out by Mrs. D. Mahlow of this de- 
partment. First derivative e.p.r. spectra were measured on a Varian \V- 
2503 spectrometer fitted with a V-4532 dual cavity operating at a nominal 
frequency of 9.5 GHz. The microwave power incident on the cavity was 
attenuated to 10 dB below maximum. Hyperfine couplings were measured 
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by comparison with a peroxylamine disulfonate solution in the audio 
cavity. The triplet spacing of the standard was taken to be 13.0 Oe. 


Materials 


Ethidium bromide, calf thymus DNA, and a-amylase powder were pur- 
chased from Sigma Chemical Co., Sephadex G-100 superfine was from Pharmacia 
and DEAE cellulose was obtained from Whatman and washed before use. 


4—-Pheny1-2,3,4,7-tetraazobicyclo[3.3.0]oct-l-ene 


A mixture of 6.14 g (60 mmol) of phenylazide and 5.60 g (60 mmol) 
of 3-pyrroline (75% pure) was set aside in the dark at ambient temperature 
for 3 weeks. The resulting precipitate was collected, washed with light 
petroleum, and recrystallized from ethyl acetate-petroleum ether to give 
peoo./ 0-2 (5/72 yield) as a) tan solid m.p. 1211-112°¢. 


Anal Caled for "C7 oHioONy, (mol.’ wt.’ 188.'1062)i: -Cyr 63.55 PS H,) 6.45; 
N, 29.76. Found 188.1072 (mass spectrum): C, 63.80; H, 6.19; N, 29.45. 


The i.r. spectrum Vmax (CHC13): 3323 (NH); 1590 em71 (N=N). The 
N.mM.r. spectrum d7ys (CDC13): 1.43 (s, 1H, NH); 2.68-3.60 (m, 4H, CH2); 
Bede Od te eull pe Rf jot Ov Hz. 5 Io Lene Hz Coen: a biter Ame Giaes 
Getz) smeO2002~..7-. 00 (mo, ATH) 


4-(p-Methoxyphenyl)-2,3,4,7-tetraazabicyclo[3.3.0]-oct-l-ene (llc) 


This compound was prepared in a similar fashion from 2.2 g (15 mmol) 
of p-methoxyphenylazide and 1.4 g (15 mmol) of 3-pyrroline (75% pure) in 
30% yield as a white crystalline solid m.p. 108.5-109°C. 


Anat SCrticd tor CLINT an40 “C= No’ 190. 11 06) 2G, (CORO. 4 75 
Wt 567 S Pound "19051107 “mdss”spectrum)*C ,“*60052 5H, 64a 2,” Ny BZ 59 


The i.r. spectrum vmax (CHC13): 3305 (NH), 1580 cm-! (N=N). The 
n.m.r. spectrum 6TMS (CDC13): 1.46 (broad 1H, NH )"* 276935062 "ne "4h,* CH) $ 
3.79 (s, 3H, OCH3); 4.35 (dd, 1H, Hy, Jj5 = 10Hz, Jygr = 4 Hz); 5.15 (dd, 
1H, H5, J56' = 6.5 Hz); 6.80-7.33 (m, 4H, ArH). 


6-Phenyl-3, 6-diazabicyclo[3.1.0]hexane 


A solution of 2.60 g (14 mmol) of 4 phenyl-2,3,4,/-tetraazabicyclo 
[3.3.O0]Joct-l-ene in 280 ml of tetrahydrofuran under nitrogen was irradiated 
with a Hanovia high pressure mercury lamp (200 W) fitted with a Pyrex 
filter with stirring and cooling for 6 h. The solvent was removed in 
vacuo and the residue extracted with hot ether (6 x 100 ml). The ether 
‘extracts were concentrated giving 12b as a red brown oil, 1.95 g (872 


yield). 


Mol. Wt. Calcd. for C10H12N2: 160.1001. Found (mass spectrum): 
160.1007. 


The n.m.r. spectrum OT TMS «CDG13)* 81 .'65-—2 707 (broad "TH, NH),° 2 66 
(s, 2H, methine); 2.75 (AB quartet, 4H, CH2, J = 12.5 Hz); 6.65-7.34 (m, 
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5H, are The absorption spectrum: 239 (log € 4.75), 277 nm (log « 
3.90). 


6- (p-Methoxypheny1)-3,6-diazabicyclo[3.1.0]hexane 


A solution of 0.906 g (4 mmol) of 4-(p-methoxypheny1)-2,3,4,7- 
tetrazabicyclo[3.3.0]oct-l-ene in 120 ml of tetrahydrofuran under nitro- 
gen was irradiated as described in the above procedure. The solvent was 
evaporated and the residue treated with 100 ml of ether. The resulting 
precipitate was filtered. The filtrate was evaporated and the residue 
crystallized from benzene - light petroleum affording, 12c.0. 742. 06987 
yield) as an off-white solid, m.p. 36-38°C. ad +1 


Anal. Caled. for C1 1H14N20 (mol. wt. 190.1106); Cc, 69.45; H, 
7.42; N, 14.72. Found 190.1105 (mass spectrum): C, 68.90; H, i<a7, N; 
ay 


The n.m.r. spectrum Ssyg ((CD3) C0): 2.79 (s, 2H, methine); 3.70 
(s, 3H, OCH3); 2.82 (AB quartet, 4H, methylenes, J = 12.5 Hz); 6.41-7.08 
(m, 4H, ArH). The absorption spectrum (CH3EN) :..238, (log. ¢.4.21), 295 nm 
(log, €<3. 30). 


2,5-Bis-3' [-6'-p-bromophenyl-3' , 6'-diazabicyclo[3.1.0]-hexane]3- 
moyloxyethyl)-6-methyl-1, 4-benzoquinone 


A solution of 0.400 g (2.0 mmol) of freshly crushed cupric acetate 
monohydrate and 1.800 g (7.5 mmol) of 6-(p-bromophenyl)-3,6-diazabicyclo 
[3.1.0]hexane (23) in 40 ml of methanol was purged with oxygen. While 
bubbling oxygen through the stirred solution, a solution of 0.313 g (1.5 
mmol) of 2-(8-carbamoyloxyethyl1)-5-methyl-1,4-benzoquinone (24) in 75 ml 
of methanol was added. The reaction mixture was stirred at room tempera- 
ture for 2 days, then was concentrated to ca. 5 ml and subjected to 
chromatography on a neutral alumina (Woelm) column eluting with methanol. 
The dark red band was collected and concentrated and the residue was 
crystallized from ethyl acetate-light petroleum to afford 13b as a purple 
solid, m.p.111-113°C, which slowly turned brown on exposure to light and 
air. 


Anal. Calcd. for C39H29Br2N504 (mol. wt. 683): N, 10.25; Br, 23.39. 
Found (683, ebullioscopic): N, 9.89; Br, 23.05. 


The i.r. spectrum Vmay (CHC13): 3544, 3434 (NH2), 1720 (carbamate 
C=0), 1585 cm7! (quinone C=0). The absorption spectrum (CH3CH): 248 (log 
e 4.26), 282 (log e€ 3.67), 396 (log e 3.09), 503 nm (log ¢€ 2.57). The 
€.p.r. spectrum (generated by treating a ‘gig were 10-2 M methanolic solution 
of 13b with sodium methoxide in air), developed a signal of maximum inten- 
sity in 30 min which persisted for 2 1/2 h consisting of 10 lines h.f.s. 
1.4-1.8 Oe of spectrum width 12.3 Oe. 
1-3',6'-diazabicyclo[3.1.0]-hexane]-3, 6'dimeth 


2,5-Bis-3'-[6'-p-bromophen 


1,4-benzoquinone 


A similar reaction between 0.300 g (1.5 mmol) of freshly crushed 
cupric acetate monohydrate and 1.800 g (7.5 mmol) of 6-(p-bromophenyl)- 
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3, 6-diazabicyclo[3.1.0]-hexane (26) with 0.204 g (1.5 mmol) of 2,5-di- 
methyl-1,4-benzoquinone in methanol afforded 13d 0.511 g (56% yield) as 
a brownish purple solid, m.p. 107-110°C, which slowly changed to a brown 
solid on exposure to light and air. 


Anal. Calcd. for CasHo,BroN402: N, 9.18, Br, 26.18. Found: N, 9.06; 
Br, 27.69: 


The i.r. spectrum vmay (CHC13): 1588 cm + (C=0). The absorption 
spectrum (CH3CN): 250 (log e€ 4.70), 285 (log € 3.88), 328 (log e 3.63), 
395 (log « 3.33), 501 mm (log € 2.76). The e.p.r. spectrum (generated 
by treating a 1.2 x 10-2 M methanolic solution of 13d with sodium meth- 
oxide in air), developed a signal of maximum intensity within 30 min which 
Beroisted for 2°I/2 h and consisted of 11 ines, "h.t.$. 1.4=1.7 Oerof 
total spectrum width 14.2 Oe. 


2,5-Bis-3'-[6'-pheny1-3' ,6'-diazabicyclo[3.2.0]hexane]-3-(8-carbamoyl- 
oxyethyl)-6-methyl-1, 4-benzoquinone 


A similar reaction between 0.400 g (2.0 mmol) of cupric acetate 
and 1.60 g (10.0 mmol) of 6-phenyl-3,6-diazabicyclo[3.1.0]hexane with 
0.418 g (2.0 mmol) of 2-(8-carbamoyloxyethyl)-5-methyl-1,4-benzoquinone 
(24) in methanol afforded 13a as a red-brown solid from ethyl acetate- 
light petroleum, 0.892 g (85% yield), m.p. 80-83°C, which slowly turned 
brown on exposure to air and owing to its instability was characterized 
spectroscopically. 


The i.r. spectrum Vag. (CHC13): 3546, 3426 (NHD); (1725 (earbamate 
C=0); 1595 cm 1 (quinone C=O). The absorption spectrum (CH3CN): 241 (log 
eratooy eo. (lide. .3:92),, 394 (lose 673.22). 502mm Clogee 32.72) The 
e.p.r. spectrum (generated from 13a as described above) developed a sig- 
nal due to the semiquinone of maximum intensity in 30 min which persisted 
for 2 1/2 h and consisted of 10 lines h.f.s. 1.5-1.8 Oe of total spectrum 


width 12.5 Oe. 


2,5-Bis-3'-[6'-p-methoxyphenyl-3' ,6'-diazabicyclo[3.1.0 
carbamoyloxyethyl)-6-methyl-1, 4-benzoquinone 


A similar reaction of 0.400 (2.0 mmol) of cupric acetate and 1.900 
g (10 mmol) of 6-p-methoxyphenyl-3, 6-diazabicyclo[3.1.0]hexane in 50 ml 
of methanol with 0.418 g (2.0 mmol) of 2-(8-carbamoyloxyethy1)-5-methyl- 
1,4-benzoquinone (27) afforded 13c 0.199 g (17% yield) as a purple solid 
from ethyl acetate, m.p. 98-103°C which slowly turned brown on exposure 


to* light and air. 


Anal. Calcd. for C32H35N506: C, 65.632 Hy 6-02; N, 12-904 Fourc. 
Cross. He 6.415. Ns 9.998 


The i.r. spectrum Vmax (CHC13): 3520 and 3418 (NH2); 2826 (OCHS); 
1723 (carbamate C=O); 1568 cm7l (quinone C=0). The absorption spectrum 
(CH4CN): 242 (log e 4.52), 290 (log ¢ 3.97), 397 (log € 3.47), 306 mm 
(log ¢« 2.94). The e.p.r. spectrum (generated from 13c as described above) 
developed a signal of the semi quinone within 30 min which persisted for 
over 2 h and consisted of an unresolved singlet of spectrum width 5.8 Oe. 
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Synthesis of Aziridinoquinones 


Most of the aziridinoquinones studied were prepared by published 


procedures (17). The general method is illustrated by the following 
example. 


Preparation of Tetramethoxy-1,4-benzoquinone 


A slurry of 24.5 g (0.1 mol) of chloranil in 75 ml of methanol was 
added to a solution of 9.8 g (0.42 mol) of sodium in 250 ml of methanol. 
During addition the temperature of the reaction mixture was kept at 15-25°C 
by means of external cooling. The reactions mixture was then heated on a 
steam bath for 6 h. The cooled reaction mixture deposited bright orange 
crystals which were collected, washed with cold water, and taken up in 
dichloromethane. The solution was decolorized with charcoal, filtered 
and the solvent removed in vacuo to give bright orange crystals of the 
Peaduct,,16.7:9«(73.2Z4-yield),, mspe.133-134°C, (lit. (28) -meps¢135-136°C)< 


Reaction of Tetramethoxy-1,4-benzoquinone with Aziridine 


To a suspension of 1.05 g (5 mmol) of tetramethoxy-1, 4-benzoquinone 
in 30 ml of methanol was added a solution of 0.280 g (65 mmol) of aziri- 
dine in 10 ml of methanol. The reaction mixture was stirred at room 
temperature for 2 days. The resulting reddish-brown 2,5-bis(aziridinyl)- 
3, 6-dimethoxy-1,4-benzoquinone was collected by filtration, 0.875 g (75% 
yield), m.p. 189-190°C (lit. (17a) m.p. 193-194.5°C). The n.m.r. spectrum: 
Srmsg (CDC13): 2.28 (s, 8H, aziridinyl protons) and 3.92 (s, 6H, OCH3). 


New compounds prepared using these procedures include: 


(i) 2,5-Bis(2-methylaziridinyl)-3, 6-dimethy1l-1l, 4-benzoquinone in 
63% yield, m.p. 147-150°C. 


Anal...Caled...for-~G74H19N2023.C,,-.68.-29)5.-HyedaDbsNjdibesOmm round 3 
Ce Goreme H, 7208; Ni Lig72: 


(ii) 2,5-Bis(2-ethylaziridinyl) -3, 6-dimethyl-1, 4~benzoquinone in 


50% yield, m.p. 125-126°C. 


Anal. Calcd. for Cj6H22N202: C, 70.44; H, 8.03; N, 10.08. Found: 
Cu /0.04. HH, $.54; N, 10938. 


Giii) 4, 5-Bis (2-methylaziridinyl)~1, 2~benzoquinone in$47% yield, 


m.p. 135-138°C. 


Anal. Calcd. for C12H14N202: C, 66.05; H; 6.425 °N,. 12865. “Found: 
G65785;5 Hy 6251; N, 13901. 


Fluorescence Assay for Detecting CLC Sequences and Monoalk lation 

The general procedure employing a G.K. Turner and Associates model 
430 spectrofluorometer has been described previously. The assay mixture 
was prepared by mixing 2 ml of al M K HPO,4-KOH buffer (at pH 12.0) with 
0.2 ml of a 0.2 M solution of EDTA disodium salt (buffered at pH 8 with 
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2M K3P0,) and with 0.05 ml of a 1 mg/ml solution of ethidium bromide 
in water. The resulting mixture was made up to 100 ml with distilled 
water and was covered with aluminum foil to Peotect at fromtthe: light. 
The instrument was blanked using 2 ml of the above solution. The cross- 
linking assays were carried out as follows. 


Bicycloaziridinobenzoquinones 


The cross-linking agents were added as 5 ug/yl solutions in 40% 
pyridine - 60% water. DNA was added as an aqueous solution. Reactions 
were buffered to pH 4.5 with 1 M sodium acetate - acetic acid buffer. 
Cross-linking reactions were carried out on a 60 pl scale. The reaction 
solutions were incubated at 37°C and had concentrations of 1.06 0.D.969 
units of A DNA, 0.05 M of buffer, 2.5 ug/l of cross-linking agent and 
20% pyridine; 10 wl aliquots were removed at timed intervals and analyzed 
for the extent of cross-linking by CLC assay described previously (3). A 
control reaction mixture prepared exactly as above but containing no cross- 
linking agent was run with each experiment. In no case was there evidence 
for acid induced covalent cross-linking. 


Bisaziridinoquinones 


A 10 ul aliquot of the cross-linking reaction mixture (ca. 5 yg/yl 
of alkylating agent in 25% tetrahydrofuran - 75% water, 1 M sodium acetate 
buffer and DNA) was diluted in 2 ml of the solution. Similarly a 10 ul 
aliquot was withdrawn from a reaction mixture containing no alkylating 
agent (control) and was diluted in 2 ml of the assay solution. The solu- 
tions were analyzed by the CLC assay described previously (3). A typical 
run is given in complete form for 2,5-bis(aziridino)-3, 6-dimethoxy-1, 4- 
benzoquinone at pH 5.0 with a concentration of 0.8 ug/pl. 


Time Before-heat After-heat 
(min) fluorescence™ fluorescence % Cross-linking 
0 70 Sg) 0 
8] 64 nape 19.5 
10 60 17 28.3 
20 87 23 44.2 
30 45 24 DS 
40 32 20 57 
50 30 18 63 
60 2 Ly 67 
80 20 15 iD 
100 ts) rZ 80 
120 13 dil 82 
150 10 8 80 
180 9 6 67 


*control fluorescence = 70 constant throughout experiment. 


Covalent Cross-Linking of DNA's with Different (G + C) Content with 2,5- 
Bis (aziridino)-3, 6-dimethoxy-1, 4~benzoquinone 


The CLC assays were performed at pH 4.5 and 37°C as described 
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above using the following solutions of natural DNA's. 


Clostridium perfringens DNA (30% G + C) 


The assay mixture was prepared using 7 wl of the DNA stock solu- 
tion (0.D.9¢9 = 20), 5 pl of 1 M sodium acetate buffer pH 4.5, 8 ul of 
water, and 80 ul of a solution of 20 (R = 0CH3) in 25% aqueous tetrahydro- 
furan (final concentration of agent 0.05 ug/yl and final. concentration of 
DNA was 1.40 0.D.969). The control was similar but lacked 20 (R= OCH3). 


Calf Thymus DNA (40% G + C) 


The assay mixture was prepared using 30 ul of the DNA stock solu- 
tion (Odea ¢ pe 64.058) p S.cwidof 1 M sodium acetate buffer pH 4.5, 5 ul of 
water, and 80 ul of the solution of agent 20 (R = OCH3) (final concentra- 
tion of agent was 0.05 ug/l and of DNA 1.145 0.D.9¢69). Control as above. 


B. Coli DNA. (50Z.G 4+ .C) 


The assay mixture was prepared using 25 ul of the DNA stock solu- 
tion (0.D.269, 1.03), 5 ul of 1 M sodium acetate pH 4.5, 5 ul of water, 
and 40 ul of a 25% aqueous solution of 20 (R= OCH3) (final concentration 
of agent 0.05 ug/y1, and final concentration of DNA was 1.03 0.D.26 9). 
Control as above. 


Assay for Covalent Cross-Linking of E. coli DNA using S) Endonuclease 


E. coli DNA which had been covalently cross-linked with the bi- 
functional alkylating agent was dialyzed overnight at 4 °C vs. 10 m™M 
potassium phosphate at pH 11.5, 0.1 mM EDTA, neutralized with 0.5 M tris 
hydrochloride pH 7.5 (25 mM), and heat denatured (5 min at 95°C then ice 
treatment). To 80 ul were added 20 pl 5 x S; buffer pH 4.5 (final pH 
about 4.6)... After removal of the first aliquot, 2 yl of purified S, 
endonuclease (610 U/mg, 1.28 mg/ml) was added and the mixture incubated 
at 45°C. Aliquots were removed and examined with ethidium bromide solu- 
tion pH 8.0 and read as described previously. Heat denatured and native 
E. coli DNA's were incubated as controls. 


Assay for Depurination of Radioactively Labelled Polynucleates Treated 
with 2,5-Bis(aziridino)-3, 6-dimethoxy-1, 4-~benzoquinone 


Poly dG.dc(14cc).d(3Hc) 0.339 Aygo/ml was incubated at 37°C in 
50 mM sodium buffer pH 5.0 with 260 ug/ml of 2,5-bis(aziridino)-3,6- 
dimethoxy-1, 4-benzoquinone in 18% aqueous tetrahydrofuran. | At intervals 
duplicate samples were removed, placed on Whatman filter discs, washed 
with 5% trichloroacetic acid, then twice with ethanol, dried, and counted. 
The results summarized in Table 4 show no loss of purine or pyrimidine 
bases accompany treatment of the DNA by the aziridinoquinone. 


Kinetic Studies of the Rate of Acid Catalyzed Ring Opening of Aziridino- 


quinones 
A 1.04 x 1073 M solution of the 2,5-bis (aziridinyl)-3, 6-dimethoxy- 
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1,4-benzoquinone was prepared in 25% THF - 75% H50 at room temperature 
and transferred in 160 1 aliquots to reaction tubes and then 10 nl of 
water, 20 ul of A DNA, and 10 pl of 1 M sodium acetate buffer (of the 
appropriate pH) were added. The tubes were sealed with Parafilm and placed 
in a constant temperature bath. Several reaction tubes were withdrawn 

at convenient intervals, diluted with 25% THF - 75% H20 to 5 ml and the 
concentration of 2,5-bis(2-acetoxyethylamino)-3,6-dimethoxy-1, 4-benzo- 
quinone was established by its absorbance at 380 nm. It was demonstrated 
that both the aziridinoquinone and the 2-acetoxyethylaminoquinone obeyed 
the Beer-Lambert Law in the optical density range of 0.02 - 0.4. Allow- 
ance was made for residual absorption at 380 mm due to the aziridine (see 
Table 8). 


The reaction followed good first-order (pseudo unimolecular) kine- 
tics for the formation of the diacetate the time dependence of which is 
shown in full for the run at pH 4.5 (see Table 9). 


TABLE 8. Absorption spectra 


Wavelength (nm) Absorbance 20 Absorbance 26 


330 0.29 0.20 
340 0.31 0.29 
250 0.245 0.375 
360 0.20 0.43 
370 0.135 0.39 
380 0.08 0.270 
400 0.03 0.055 


TABLE 9. Rate of acid assisted ring opening of 
2,5-bis (l-aziridinyl)-3, 6-dimethoxy-1,4-benzoquinone 


Naa aad 


Time (min) Optical density k x 10° (s71) 
0 0.08 = 
30 Det 9.15 
60 0.135 9.04 
90 0.154 8.97 
120 0.169 9.08 
150 0.185 9.03 
210 0.211 5. AS 
270 Os225 9.04 
330 0..240 9.14 
420 De go. Be te 
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by the Department of Chemistry, University of Alberta. We thank Dr. A. 
Hogg and Mr. R. Swindlehurst for the mass and n.n. I< sSpeGtra, n.and Mrs. 
Talat Akhtar for the preparation of many intermediates. 
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ABSTRACT: 


The extent of alkylation of DNA by dimethyl sulfate, nitrogen 
mustard and the antibiotic mitomycin C is related to the resulting . 
decrease in the fluorescence of intercalated ethidium. The fluorescence 
losses due to the first two types of reagents show a marked pH depend- 
ence with greater losses of fluorescence being observed at alkaline 
pH's. At pH 11.6 the fluorescence shows a slow recovery so that with 
low levels of methylation (4% deoxyguanosine residues modified) one 
observes complete return of fluorescence. We postulate that these 
phenomena are due to conversion of 7-methyldeoxyguanosine to the 
zwitterionic form and partial denaturation of the DNA duplex with loss 
of ethidium binding sites. Hydroxide ion catalyzed imidazole ring 
opening, and the removal of the positive charge permits reannealing 
with concomitant return of the ethidium intercalation sites. This con- 
clusion is substantiated by enzymatic hydrolysis of f14c] methylated 
DNA and identification of the two types of deoxyguanosine residues 
formed under the different conditions of the ethidium assay. The 
distinctly different behavior of mitomycin C confirms previous con- 
clusions that its alkylation, preferentially on guanine, does not 


take place at the N-7 position. 


INTRODUCTION: 


Many effective antitumor agents as well as carcinogens and mutagens 
belong to the class of alkylating agents (1). There is much evidence 
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(inactivation of viruses, antimitotic, cytological and mutagenic effects) 
from in vitro and in vivo reactions and physico-chemical alterations 
that indicates nucleic acids are often the principal target site for 
such agents (1-3). While alkylation of DNA bases may be detected by 
using radioactive labels, a more convenient assay which can discriminate 
between different sites of covalent attachment would clearly be useful. 


We describe how the fluorescence properties of the trypanocidal 
drug ethidium bromide, may be useful in this regard. It was observed 
by Le Pecq and Paoletti (4) that ethidium bromide, which is widely used 
as a histological stain for nucleic acid containing structures in 
cells, intercalates into duplex nucleic acids. The intercalation process 
shows little or no base preference and the primary sites are saturated 
when one drug molecule is bound for every 4 or 5 nucleotides. Binding 
is also independent of pH within the range where the double helix is 
Stable (3). During this primary binding the fluorescence shows a 
fifty-fold enhancement. This phenomenon has been attributed to the 
removal of quenching by the polar solvent as the dye is absorbed into 
the hydrophobic region of the duplex (3,4). This property has been 
made use of by Morgan in the development of elegant and convenient 
assays for detecting covalent cross-linking and strand scission of 
DNA by a variety of agents (5,6). Recently, these techniques have been 
used to examine the interaction of certain antitumor antibiotics with 
nucleic acids (7-9). During these studies it was noted that the loss 
in ethidium fluorescence which accompanies alkylation of DNA by mito- 
mycin C (with concomitant loss of potential intercalation sites) is 
linearly related to the extent of alkylation. In this paper the alkyl- 
ation of DNA by dimethyl sulfate, nitrogen mustard and mitomycin C is 
studied in more detail. The effects of alkylation on ethidium binding 
to DNA are examined and the alkylation induced structural changes on 
DNA at different pH's are also studied by the fluorescence technique. 


METHODS : 


Materials. Reagent grade dimethyl sulfate and deoxyguanosine were 
obtained from Aldrich. (14c]-Dimethyl sulfate was from New England 
Nuclear with a specific activity of 13 mCi/nmole. Ethidium bromide and 
calf thymus DNA were obtained from Sigma, the 2'-deoxynucleosides from 
ICN and mitomycin C from Calbiochem. A-DNA and [~H]-A-DNA were prepared 
as before (6). The mitomycin C stock solution (10-3 M in distilled 
water) was kept at 4° in the dark. Nitrogen mustard (methyl bis- 


(8-chloroethyl)amine hydrochloride) was prepared from 2-methylamino- 


ethanol (10). 7-Methylguanosine was prepared from guanosine following 
a procedure due to Jones and Robins (11). The chromatographically 


pure product was dried under vacuum m.p. 158=160° f4Li Enel I tarp? 


159-160°). 7-Methyl-2'-deoxyguanosine 1b was prepared from deoxy- 
guanosine by the procedure of Jones and Robins (11). The white 


crystalline product was washed with ether and dried, 812 yield 
peperpssoy (146) 411) mvp. 135°). 2-Amino-5-(n-methylformamido)-6- 
(D-2'-deoxyribofuranosylamine)-4-pyrimidinal 4b was prepared from 


7-methyldeoxyguanosine by the procedure of Townsend and Robins in 55% 
yield (12). 
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Fluorescence assays. The techniques employed in the assay for alkylation 
were similar to those used in the assay for CLC (covalently linked 
complementary) sequences in DNA which have been described (556) athe 
Standard fluorescence solutions which were 20 mmolar potassium phosphate 
(pH 7 or 11.6), 0.4 mmolar EDTA, 0.5 ug/ml of ethidium bromide were 
stored in the dark. Aliquots of the treated DNA solutions (5-20 ul) from 
reaction mixtures were added to 2 ml of the solution. The fluorescence 
values were read on a Turner Spectrofluorometer model 430 with excitation 
at 525 nm and emission at 600 nm using the ethidium solution as blank. 
Cuvettes (1 cm, round borosilicate glass) were used and the cell com- 
partment was thermostatted at 23°. 


Methylation of DNA by dimethyl sulfate. Unlabelled and Bee cuaaral 


sulfate (specific activity of 13 mCi/mole) were prepared as 1 M stock 
solutions in acetonitrile previously dried over calcium hydride. 
Aqueous DNA solutions, either i or calf thymus (5-10 Ax69) in cacodylate 
buffer, were methylated by the addition of 20 mmolar dimethyl sulfate 
in solution (15). The acid released by the aqueous hydrolysis of the 
methylating agent was neutralized by addition of 0.3 M cacodylate 
buffer pH 8.0 so that the pH did not fall below 6. The reaction was 
allowed to proceed for 1 hr at 37° by which time most of the dimethyl 
sulfate was consumed either by reaction with DNA or hydrolysis. 

After the methylation was completed, a 75 ul aliquot was removed and 
dialyzed at 0-4° against three changes of 400 ml of 0.02 M phosphate 

pH 7 buffer at intervals of 6 hr. After dialysis, the methylated DNA 
solution was assayed for 14¢ by adding 10 ml of scintillation fluid 
(Scinti-Verse, Fisher) and counting on a Searle Analytic Inc. Mark III 
6880 Liquid Scintillation System. Counting efficiency normally at 
60-70% was determined either by channels ratio or the external standard 
method. The DNA concentration was determined by uv absorption at 260 nm 
and the extinction coefficient (c¢) at this wavelength was taken as 7000. 
A 5 wl aliquot of the reaction mixture was also added to both pH 7 and 
11.6 ethidium stock solutions to measure the fluorescence values at 
timed intervals 0, 10, 20, 30, 60, 90 and 120 min after the addition of 
DNA samples to the ethidium test solutions. Greater extents of 
methylation were achieved by using proportionally greater concentrations 
of dimethyl sulfate. 


d(C),°d(G), (Miles Laboratories) at a concentration of 1 A960 was 
alkylated by similar procedures with increasing concentrations of 
dimethyl sulfate. At pH 11.6 the fluorescence showed a complete 
return to the control value (no dimethyl sulfate present) when 
d(C),°d(G), was incubated with 20 mmolar dimethyl sulfate. Since about 
90% of methylation of DNA occurs on G-7 (15,16,21) and because 3-methyl- 
ated A shows no base catalyzed opening, the assumption is made that 
methylation at sites other than G may be ignored for the interpretation 
of the fluorescence data (see discussion). 


Alkylation of calf thymus DNA by nitrogen mustard (methyl bis-(8- 
chloroethyl)amine). Calf thymus DNA was alkylated by incubation with 
the nitrogen mustard for 1 hr at pH 8.0 at 3 J-oain 0825 4M cacodylate 
buffer. The final concentration of DNA in the reaction mixture was 


7.5 Ag6o9, and that of the nitrogen mustard 10-50 mmolar. A 5 ul 
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aliquot of the nitrogen mustard alkylated DNA was also added to the 
ethidium solutions at pH 7 and 11.6 for the fluorescence assays. Time 
dependent studies on the fluorescence behavior were also carried out 
as described above for methylated DNAs. 


Alkylation of [7H ]-\-DNA by mitomycin C. The reaction of reductively 
activated mitomycin C with [-H] DNA (specific activity 40,000 cpm/A¢o 
unit) was carried out following the procedure described previously (7). 
Unbound mitomycin C was removed by dialysis against a solution of 10 
mmolar potassium phosphate and 0.1 mmolar EDTA at pHeLVPOs « ‘The 

extent of alkylation was determined by absorption Spe Cet geceny (13) 
and the nucleotide concentration by radioactive counting? of i, 
Extinction coefficients of 7000 at 260 nm for DNA and £15 000> for 
covalently bound mitomycin C at 314 nm were used (see Figure 3). 


Enzymatic hydrolysis of methylated DNA. Calf thymus DNA (concentration 
7.5 A260) was methylated by [+%C]-dimethyl sulfate (100 mmolar) and the 
extent of methylation was monitored by the loss of fluorescence as 
described above. The methylated DNA was then subjected to dialysis 
against either pH 7 or pH 11.6 20 mmolar potassium phosphate buffer for 
16 hr. The potassium phosphate was removed by dialysis prior to the 
enzyme treatment. A 100 ul aliquot of each dialyzed methylated DNA 
sample was taken and treated sequentially with the three hydrolyzing 
enzymes. The methylated DNA was first incubated with pancreatic 

DNAse (50 ug/ml) for 1 hr at 37° in 10 mmolar MgClo, 50 mmolar tris- 
HCl pH 7.5 buffer. Snake venom phosphodiesterase (final concentration 
50 ug/ml) was then added and the incubation period was continued for 
another hour. Finally the DNA hydrolyzate was treated with bacterial 
alkaline 5'-phosphomonoesterase (E. C. 3.1.3.1) (72 ug/ml) at 37°%for 

l hr. The hydrolyzate was concentrated by gentle blowing of nitrogen 
and saved for the paper and thin layer chromatography studies. 


Sedimentation studies on methylated DNA. Methylated A-DNA or calf 


thymus DNA as well as native DNAs were dialyzed against 20 mmolar 
potassium phosphate buffers at pH 7 and pH 11.6. The molecular weights 
of the DNAs after dialysis were determined from sedimentation velocity 
measurements using a Beckman Model E analytical ultracentrifuge 


equipped with a scanner (18). 


Paper Chromatography. No. 1 Whatman paper was used in descending paper 
chromatography. The developing solution was taken from the upper layer 


of a (1:1) 2-butanol-water mixture (14). pp de GS deoxyribonucleo- 
sides from the enzyme hydrolysis of the L C-methylated calf thymus DNA 
were spotted together with authentic deoxyribonucleosides and methylated 
deoxyribonucleosides. The chromatogram was developed for 30 hr, dried 
and cut into 2 cm wide strips. The radioactivity was counted in a 
scintillation counter. The locations of the bands and the authentic 
unlabelled standards were visualized under uv light (see Figure 5S)" 


Compounds 1b and 4b (see Scheme) are well 
25 precoated plates (Macherey-Nagel Co., 
The deoxytribo- 


Thin layer chromatography. 
separated on silica gel SilG- 
Doren, Germany) using ethanol:water (7:3) as eluant. 
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nucleosides from the enzyme hydrolyzed [eitelenetnmaated DNA were 
accordingly separated by silica gel thin layer chromatography. The 
cpm were plotted as before along with the locations of authentic 
unlabelled standards visualized under uv light. 


UV_ Absorption spectra. 7-methyldeoxyguanosine lb was prepared as a 
10°-" M solution in distilled water. A 50 ul aliquot of this solution 


was diluted to 1 ml with potassium phosphate buffers (0.05 M) of 
different pH values. The final concentration of 1b was 5 x 1075 M in 
buffer. The uv spectra were determined at timed intervals, O5h 015 
and 2 hrs. 


RESULTS: 


pH Dependence of Fluorescence Loss Due to Reaction of DNA with Dimethyl 


Sulfate. Methylation of \-DNA causes a progressive loss of fluorescence 
as measured in the ethidium assay (Figure 1) and the fluorescence loss 

is also strongly pH dependent. In the pH 7 ethidium solution, the loss 
of fluorescence shows a linear dependence with the extent of methylation. 
However, at pH 11.6 the loss of fluorescence is no longer linear. A-DNA 
with relatively low degrees of methylation (4% modified dG) shows 
similar fluorescence values at pH 11.6 to those at pH 7, but as the 
extent of methylation increases, the fluorescence loss is more pronounced 
at the higher pH values. Native DNA shows the same ethidium fluorescence 
values independent of pH. 


The results of equilibrium dialysis of ethidium against methylated 
A-DNA show less ethidium is bound to the alkylated DNA than to the 
native DNA (see Table 1). This rules out the possibility that the 
observed loss of fluorescence is due to quenching by the methylated 
residues in the DNA. In parallel experiments a sedimentation study 
showed that a reduction in the molecular weight of the DNA was not itself 
responsible for the losses of fluorescence noted earlier. 


Binding of ethidium to alkylated DNAs. The binding constants of ethidium 


to the dialyzed methylated DNAs were determined in 20 mmolar potassium 
phosphate buffer at pH 7. Both primary (intercalative) and secondary 
binding were observed from the Scatchard plots, the mathematical treat- 
ment of which followed that of Le Pecq and Paoletti (4). Binding 
constants and total binding sites for the primary binding are given in 
Table 2. The results clearly indicate that the binding constant of 
ethidium was not altered by methylation; however, the total number of 
binding sites is decreased in proportion to the extent of methylation. 
Therefore, the fall in fluorescence correlates well with the loss of 
binding sites. One per cent of methylation of the; DNA bases causes a 
six to eight per cent loss of fluorescence. This implies that for each 
methylation event, 3-4 nucleotide base pairs were eliminated as potential 
intercalation sites for the ethidium dye. By contrast, the larger 
molecule mitomycin C causes a proportionately greater destruction of 
intercalation sites (7). (One per cent alkylation by mitomycin C causes 
a nine to twelve per cent loss of fluorescence). 
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Time dependent fluorescence change of methylated DNA. The fluorescence 
of ethidium bound to methylated DNA showed not only a pH dependent 
decrease but also a marked time dependence in the assay at 11.6. As 
shown in Figure 2, when the methylated DNAs were added to pH 1146 
ethidium buffer, a marked initial decrease in fluorescence as compared 

to native DNA was observed. The fluorescence of methylated DNA gradually 
returned to a higher value with time, although the control native DNA 
showed a consistent unchanged value. In the first ten minutes or so the 
fluorescence intensity of the former increased rapidly, then the increase 
slowed and reached a plateau in about two hours. For DNAs with lower 
degrees of methylation (<4% deoxyguanosine residues methylated) the 
fluorescence returned to the value of native DNA. However, for greater 
extents of alkylation (>6% dG.modified) the recovery in the fluorescence 
was much slower and the fluorescence did not return to that of native 
DNA. The permanent fluorescence loss of highly alkylated DNA was shown 
to be partially due to an increase in the proportion of single-stranded 
DNA after dialysis vs pH 11.6 buffer as measured by the hydroxyapatite 
method (17). 


In contrast to methylation, alkylation of DNA by mitomycin C showed 
distinctly different behavior where the fluorescence loss for a given 
extent of alkylation was independent of both pH and remained constant in 
the ethidium buffer at pH 11.6 (see Figure 3 and 4). 


It has been demonstrated by Lawley (21), Uhlenhopp and Krasna (15) 
and by Singer (16) that the principal methylation sites on DNA are the 
7-position of guanine and the 3-position of adenine in a 6:1 ratio 
when dimethyl sulfate is used. Dimethyl sulfate was selected in the 
present work because of the Sy2 character of its reactions to minimize 
phosphate esterification (19). Since no change of the uv spectrum of 
3-methyladenosine upon alkaline titration has been reported and in view 
of the known chemistry of 7-methylguanosine, we consider that the return 
of fluorescence with time is best explained on the basis of the 
following model (see Scheme) although we emphasize that the scheme is 
hypothetical and other mechanisms may be possible. 

Normally on amidic proton at N-1 on deoxyguanosine has a high pKa value. 
However, quaternization at N-7 results in a considerable lowering of the 
pKa so the transformation to the zwitterion 2 occurs readily (see Scheme). 
The structure 2 would be expected to be unstable at high pH (10) and 
this results in a slow opening of the imidazole ring via 3 to give 4. 
Removal of the positive charge at N-7 in this process restores the 
amidic N-1 proton to its normal pKa value. If exclusion of ethidium 
from potential binding sites is primarily due to charge repulsion for 
low levels of methylation, then the high pH conversion Of let Ooe aL th 

the concomitant removal of positive charge would permit a slow recovery 
of the ethidium fluorescence. For higher levels of methylation partial 
denaturation as well as charge repulsion may be responsible for fluor- 
escence loss, so that renaturation by restoration of hydrogen bonding 

in the ring-opened product may be the major cause of the return of 
fluorescence. When >6% dG residue are modified, some irreversible 
denaturation occurs and the fluorescence no longer returns to the control 


values. 
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Enzymatic hydrolysis of [ete] methylated DNA. To test this hypothesis, 
[44C] methylated calf thymus DNA was dialyzed against both pH 7 and pH 
11.6 potassium phosphate buffers and then subjected to enzymatic 
hydrolysis to identify the primary products of alkylation. The DNA was 
treated sequentially with (i) pancreatic deoxyribonuclease, (ii) snake 
venom phosphodiesterase and (iii) bacterial alkaline 5'-phosphomonoester- 
ase. The hydrolyzate was then subjected to paper chromatography and the 
results are shown in Figure 5. On the paper chromatogram the methylated 
DNA, after dialysis against pH 7 buffer and enzymatic hydrolysis, showed 
a radioactivity peak which correspond to 7-methyldeoxyguanosine. In 
contrast, when the DNA was dialyzed against pH 11.6 buffer, the radio- 
active peak corresponded to the ring-opened product from 4. In both 
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instances there were significant counts at the origin and this presumably 
arises from some polar material (e.g. nucleotides) from the incomplete 
hydrolysis of DNA. The thin layer chromatography substantiates these 
results confirming that the ring-opened material predominates at the 
high pH. 7-Methyldeoxyguanosine residues in DNA are readily depurinated 
by acid and it was observed that even on the Silica gel plate, compound 
1b decomposed partially to 7-methylguanine. 


UV_spectra of 7-methyldeoxyguanosine and its pH dependence. Independent 
evidence for the transformations of scheme 1 and estimates of their 
rates were obtained by examining the effects of pH on the uv absorption 
spectrum of 7-methyldeoxyguanosine (Figure 6) which has been examined 
by Brookes and Lawley (22) and others (23-24). At pH 2.4 1b showed an 
absorption maximum at 253 nm and a shoulder between 270-280nm. As the 
pH of the solution was increased, the absorption at 253 nm immediately 
decreased and a new maximum appeared at 281 nm so that at pH > 10, the 
281 nm peak was the only one observed and is ascribed to the zwitterion 
2b. The latter was unstable at pH > 10 and was slowly transformed into 
a new species which exhibited a maximum at 267 nm and which was 
identified as the imidazole ring-opened species 4b (Figure 7). (The 
half life of 2b at pH 11.6 is approximately 30 min.) The latter 
process, unlike the essentially instantaneous ionization of ib, occurred 
over a period of 1 hr, closely comparable with the rate of the time 
dependent fluorescence recovery noted earlier. 


DISCUSSION: 


The pH dependence of the ethidium assay is evidently quite different 
on the one hand for methylation and on the other hand for reaction with 
mitomycin C. Quite similar fluorescence behavior as was observed for 
methylation was exhibited for reaction of nitrogen mustard with DNA. 

This produced results closely similar to those shown in Figures 1 and 2. 
Nitrogen mustard has also been shown to alkylate predominantly at the 
N-7 position of deoxyguanosine (20). The strong pH and time dependence 
of the ethidium fluorescence of methylated DNA is tentatively ascribed 

to a slow base catalyzed imidazole ring opening characteristic of 
7-alkylation of deoxyguanosine residues at high pH. The N-1 proton 

of deoxyguanosine in DNA will have a higher pKa than that of free 
7-methyldeoxyguanosine (7) since this proton is involved in eee 
bonding with a deoxycytidine residue of the complementary strand of the 
double helix. At pH 7 the methylated DNA bihelical structure is 
relatively stable since the Watson-Crick hydrogen bonded base pairing 

is still intact. Therefore at neutral pH the loss of fluorescence 

which is linear with the extent of methylation, may be attributed largely 
to the charge repulsion between the quaternized bases and the race ne 
charged ethidium. At high pHs (>10) dissociation of the N-1 oe fe) 

the 7-methylguanosine residues occurs resulting in disruption of the 

G-C base pairing. This breakage of the hydrogen bonding does not : 
irreversibly disrupt the bihelical structure until greater extents fe) 
methylation were reached (>6%dG). This results in more oS aes 
disruption of the duplex as more hydrogen bonds are broken and eventually 


effects separation of the strands. 
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The loss of fluorescence of the methylated DNA becomes more pronounced 
at pH 11.6 than at pH 7 and is progressive with greater extents of 
methylation. The model studies as well as evidence in the 

literature (16,21,22) confirm that at high pH there is a slow base 
catalyzed imidazole ring opening of only the 7-alkylated bases. After 
the ring opens and the positive charge is removed, the N-1 proton of 

the guanosine is less acidic. The return of the N-1 proton restores 

the cooperative hydrogen bonding between the G-C pairs and consequently 
one observes the gradual return of fluorescence. With low extents of 
7-alkylation the original DNA duplex structure is completely restored 
whereas with higher degrees of 7-alkylation the resulting duplex 
destabilization permits only partial restoration. The distinctly 
different behavior with mitomycin C is consistent with this interpreta- 
tion. Mitomycin C is known to alkylate predominantly the guanine 
residues of DNA and recent work by Tomasz has ruled out the N-7 position 
(13). In addition for a given extent of alkylation, mitomycin C results 
in a greater fluorescence loss. This suggests that whereas charge 
repulsion may be the primary cause of loss of fluorescence by methylation, 
in the case of alkylation by mitomycin C, both charge repulsion and 
steric hindrance may also be factors in fluorescence loss. 


Regardless of the precise interpretation of the fluorescence 
recovery, the loss of ethidium fluorescence is a useful parameter for 
measuring the extent of alkylation of DNA. 


The authors wish to thank Dr. A.R. Morgan for helpful discussions 
in connection with this work. This research was supported by grants 
to J.W.L. from the National Cancer Institute of Canada, The National 
Research Council of Canada and by the Department of Chemistry, 
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Equilibrium Dialysis of Ethidium versus Methylated and 
Native DNAs 
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LEGENDS TO FIGURES 


Decrease a pes ethidium fluorescence produced by pro- 
gressive et 4c] methylation with 0, 10, 20, 30 etc. mmolar 
dimethyl sulfate at 37° for 1 hour as a function of pH. The 
extent of methylation was determined by radioactive counting. 


Time dependence of fluorescence at pH 11.6 of ethidium bound 
to A-DNA treated with dimethyl sulfate (DMS): 
© native DNA; © 20 mmolar DMS; VY 40 mmolar DMS; 
‘4A 60 mmolar DMS; O 70 mmolar DMS. 


Binding of ethidium at pH 7 and pH 11.6 to \-DNA alkylated 
with mitomycin C: © pH 7/7 ethidium buffereniy 
pH 11.6 ethidium buffer. 


Time dependence of fluorescence at pH 11.6 of ethidium bound 
to A-DNA treated with mitomycin C (MMC) and NaBHy,: fe) 


native DNA; xX 0.25 mmolar MMC and NaBH,; © 0.36 
mmolar MMC and NaBHy,, x 0.48 mmolar MMC and NaBH, . 
14 


eG] amma Tae Vn scan of paper chromatograms of enzyme 
hydrolyzates from [ 14c] methylated calf thymus DNA dialyzed 
against pH 7 and pH 11.6 buffers. Strip 4 corresponds to 
7-methyldeoxyguanosine, strip 5 to the ring opened nucleoside 
4b and strip 7 to deoxyguanosine. 


pH dependence of the uv absorption spectrum of 7-methyl-2'- 
deoxyguanosine as 5 x 1072 M in 0.05 molar phosphate buffers. 


Time dependence of the uv_absorption spectrum of /-methyl- 
2'-deoxyguanosine 5 x 10°” M at pH 11.6, 0.05 molar phosphate 


buffer. 
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APPENDIX 2 


During attempts to incorporate deoxynucleoside analogues into 
d(TC) -d(GA) in order to ascertain which sites could be involved in 
stabilizing the multiplex structure via hydrogen bond formation, a 
method that was useful for a small scale reaction was developed to 
convert the appropriate deoxynucleoside 5'-monophosphate to the 
corresponding 5'-triphosphate. The enzyme, phosphoenolpyruvate 
synthetase, isolated and studied in this department by Suree 
Narindrasorasak, proved immensely helpful. In collaboration with 
Dr. Malcom MacCoss of the Chemistry Department, who supplied most of 
the adenosine 5'-monophosphate analogues we have determined the 
specificity of this enzyme. Recently, we have also been able to show 
that deoxytubercidin 5'-monophosphate and 6-Me deoxyadenosine 5'- 
monophosphate are substrates as would be expected since the correspond- 


ing ribo analogues are substrates. 
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(Accepted for publication in Biochemical and Biophysical Research 


Communications (1976).) 


THE ENZYMATIC SYNTHESIS OF ATP ANALOGUES 


Doug Johnson*, Malcolm MacCoss**, and Suree Narindrasorasak* 


Department of Biochemistry* and Chemistry** 
University of Alberta, Edmonton, Alberta, Canada T6G 2H7 


ABSTRACT: The enzymatic synthesis of selected adenosine 5'-triphosphate 
analogues from their respective 5'-monophosphates has been achieved using 
phosphoenolpyruvate synthetase. Adenosine 5'-monophosphate analogues 
altered at positions 1, 6, 7, 8 or 9 of the purine rine srorpatethe 
ribose 2'- or 3'-positions are substrates with 30% conversion to the 
nucleoside 5'-triphosphate. 


INTRODUCTION: 


Phosphoenolpyruvate synthetase catalyzes the phosphorylation of 
pyruvate from the 8-phosphate of ATP! via an enzyme-phosphate inter- 
mediate (Cooper and Kornberg, 1965 and 1967). 


ATP + pyruvate === AMP + P; + phosphoenolpyruvate 


We have used the reverse reaction to synthesize a variety of ATP 
analogues modified in the sugar or purine ring moieties without any 
need for the protection of reactive groups. Also radiolabelling of the 
B- or y-phosphate positions of these analogues is possible. 


From the variety of analogues tested we can infer which positions 
on AMP are involved in substrate recognition. 


MATERIALS AND METHODS: 


Nucleosides and nucleotides were purchased from the following sup- 
pliers: Calbiochem (rAMP, rCMP, rCTP, rGTP); P.L. Biochemicals (rATP, 
dATP, 1-MeAMP, 6-MeAMP, rGTP, rTu); Pfanstiehl, Germany (araA) ; Raylo, 
Canada (dAMP); Sigma (rIMP, rITP). Nucleosides were chemically phos- 
phorylated to their 5'-monophosphates by the method of Yoshikawa et al 
(1969) and purified by chromatography on Dowex 1x2 (formate) developed 


lymp refers to any nucleoside 5'-monophosphate, NTE to the 5'-tri- 
phosphate. rTu and araA are abbreviations forutuberei dee and,?=6=D= 
arabinofuranosyladenine (structures of respective 5 nmODEPRQERNZEES 
given in Fig. 1). Abbreviations for methylated adenosines are taken 


from the Handbook of Biochemistry, Chemical Rubber Co. 
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with a linear gradient of formic acid (M.J. Robins and M. MacCoss, to be 
published). Adenosine derivatives methylated at the 2'- or 3'-positions 
were prepared by methods described by Robins et al (1974). 6, 6-Me5- 
adenosine was prepared from the 6-chloropurine riboside with anhydrous 
dimethylamine (see Robins et al (1976) for analogous preparation). 
AMPOX-RED was prepared by the method of Smrt et al (1975)@0ith minor 
modifications. 


Phosphoenolpyruvate synthetase, purified from lactate-grown 
Escherichia coli by the method of Berman and Cohn (1970) was judged 90% 
pure by polyacrylamide gel electrophoresis. The assay conditions for 
the forward reaction were 0.1 M Tris HCl pH 8.0, 10 m™ MgClo, 2 mM 
pyruvate, 1 mM nucleoside 5'-triphosphate and i5 ug/ml enzyme (specific 
activity 19 U/mg in forward direction) and for the reverse reaction 
0.1 M KP; pH 6.8, 20 mM MgCly5, 10 mM phosphoenolpyruvate (Sigma), 

10 mM nucleoside 5'-monophosphate and 130 ug/ml enzyme. Both reactions 
were incubated at 30°C. Synthesis of NTP was monitored for upeto 16 
hours by thin layer chromatography on cellulose sheets (Eastman #13255) 
with isobutyric acid/ammonium hydroxide/H70 (60/1/40 by volume) as 
solvent and on P.E.I. cellulose sheets (Baker) with 1.6 M LiCl as 
solvent (K. Randerath and E. Randerath, 1967). 


Reaction products were separated by DEAE Cellulose chromatography 
with a linear gradient 0 - 0.6 M in triethylammonium bicarbonate pH 
7.5 (Smith and Khorana, 1963) and concentrated by lyophilization. 


RNA polymerase reactions were performed with E. coli RNA polymerase 
(Burgess, 1969) in a reaction mixture containing 50 mM Tris HCl pH 8.0, 
10 mM MgC19, 50 ug/ml dTC-dGA, 0.25 mM 14c-cTP (9,200 cpm/nmole), 0.25 
mM rATP analogue, 200 ug/ml RNA polymerase. This polyribopurine synthe- 
sis can be distinguished from contaminating poly rG synthesis by 
observation of the kinetics of synthesis. 


RESULTS AND DISCUSSION: 


Figure 1 gives the structures of the less common AMP analogues, and 
the ability of various analogues to act as phosphoenolpyruvate synthe- 
tase substrates for both the forward and reverse reactions is summarized 
in Table 1. As expected, at no time was ribonucleoside 5'-diphosphate 


synthesis observed. 


In the reverse direction dAMP, araAMP, 3'-MeAMP, 6-MeAMP, TuMP, 
FMP and AMP can be phosphorylated with =30% recovery of the NTP from a 
DEAE Cellulose column. 2'-MeAMP is converted to the triphosphate with 
about 15% recovery and 1-MeAMP is phosphorylated with 5 - 17h recovery. 
This variability is probably due to the insolubility of this analogue 
under the reaction conditions. 6,6-Me AMP, ae and aAMP (the 
1'-epimer of 5'-AMP) are not substrates and 6,2 -MejAMP is phosphorylated 
to a very low extent. The 6-keto nucleotides IMP and GMP and the 4- 
amino pyrimidine nucleotide CMP cannot substitute for AMP in the reverse 
reaction nor can the corresponding 5'-triphosphates substitute for ATP 


in the forward direction. 
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TABLE 1. Substrate Recognition by Phosphoenolpyruvate Synthetase 


REVERSE REACTION: FORWARD REACTION: 
Isolation of NTP Initial Reaction 
by DEAE Cellulose Rate of Analogue 
COMPOUND Chromatography!?2 Compared to ATP] 
AMP /ATP 34 1400 
dAMP / dATP 33 0.33 
2'-MeAMP a5 ND* 
3 '—MeAMP 24 ND 
1-MeAMP 5-178 ND 
6—MeAMP / 6-MeATP 34 0f23 
6, 6—Me2—-AMP 0 ND 
6,2'-Me2AMP Si ND 
araAMP /araATP 28 Ort 
o.AMP 0 ND 
AMPOX-RED 0 ND 
TuMP/TuTP 29 O72 
FMP/FTP 28 0.42 
GMP /GTP 0 0) 
IMP /ITP 0 0 
CMP /CTP 0 0 


las described in Materials and Methods. 
Percent of ultraviolet absorbing material (A = 260 nm) eluting as NTP. 
3Variable, see text. 

» not determined. 


Although dATP, 6-MeATP, araATP, TuTP and FIP are ultimately syn- 
thesized to the same extent as ATP, their initial rates for the forward 
reaction are very different. Compared to ATP these range from 0.23 for 
6-MeATP to 0.71 for TuTP. These NIPs were also checked as substrates for 
E. coli RNA polymerase and each was incorporated into polyribopurine 
(data not shown). As expected araATP showed less than 3% synthesis com- 


pared to ATP (Cohen 1966). 


Several conclusions can be drawn from an evaluation of the substrate 
specificity. Firstly, the 2'- or 3'-positions appear unimportant for 
recognition since AMP, dAMP, araAMP, 2'-MeAMP and 3 '-MeAMP are all sub- 
strates. The lower yield of 2'-MeATP may reflect a steric problem and 
this would preclude the phosphorylation of AMP analogues by this method 
if the 2' substituent is even bulkier. Removal of the structural rigidity 
of the ribose ring as in AMPOX-RED results in a loss of substrate recog- 
nition. As expected, the configuration at the anomeric centre is also 
important since aAMP is not a substrate. With regard to the heterocyclic 
base, variations in the imidazole ring are tolerated since both TuMP and 
FMP are substrates. Methylation of the 1l-position does not result in a 
loss of recognition. If the 6-amino is monomethylated, recognition is 
not affected but dimethylation at the 6-position results in a complete 
lack of synthesis. Replacement of the 6-amino by oxygen, as (in IMP or 
GMP, results in no synthesis of the corresponding triphosphate. These 
last results indicate that of the various positions tested only the 6- 
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amino is directly involved in substrate recognition, presumably forming 
a hydrogen bond to the enzyme. Since the 4-amino pyrimidine CMP is not 
phosphorylated the purine ring moiety is necessary. 


In comparison to chemical methods of NTP synthesis (Smith and 
Khorana, 1963) this enzymatic synthesis is limited both by substrate 
recognition and reaction scale since it is not suitable for the 
routine synthesis of mmoles of NIP without a large enzyme supply (yield 
from 1 kilogram of cells is about 200 mg). However, it is convenient 
for the synthesis of 25 - 50 umoles of a particular NTP without the 
need for blocking agents and requires no "seed" NIP as does a previously 
described enzymatic synthesis of FTP (Ward, Cerami and Reich, 1969). 
Since the 8-phosphate is derived from phosphoenolpyruvate and the y- 
phosphate from buffer, specific radiolabelling should also be possible. 
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Figure 1. Structures of various AMP analogues. 
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APPENDIX 3 


Terminal deoxynucleotidyl transferase (IDT) isolated from calf 
thymus was used to synthesize the random d(Py) *d(Pu) DNA that was used 
in the replication and multiplex studies. Initial attempts to isolate 
TDT by the modified procedure described in the text resulted in the 
isolation of a new TDT, designated TDT2, which has similar enzymatic 
properties as TDT1 but differs in molecular weight and has the ability 
to copy a DNA template. The data presented suggest that both TDT1 and 
TDT2 are derived from a DNA polymerase and make an in vivo role for 
TDT unlikely. 

In addition to the discussion in this paper, several other comments 
can be made concerning this area of research. 

The detection of TDT activity in partially purified extracts by 
the use of assay systems containing DNA (native, activated, denatured) 
as primer and a low (typically u molar) concentration of one deoxynucleo- 
side 5'-triphosphate of very high specific activity (typically 23 mCi/ 
umole) may lead to inaccurate results. This activity may be DNA poly- 
merase since quantitation of the observed synthesis reveals v 1 residue 


incorporated per 10°-107 daltons of DNA (Srivastava, 1974) a terminal 


addition that could be catalyzed by a DNA polymerase. A recent report 
of the isolation of "TDT" from germinating wheat embryo (Brodniewicz- 
Proba and Buchowicz, 1976) also could be criticized on these grounds. 
Hence, more thorough analysis of purified fractions is necessary before 
the presence of TDT can be confirmed, and quantitation of the extent of 


incorporation is important. 


Both TDT1 and TDT2 are inhibited 20 fold by the substitution of 


203 


, " a: f 
on ni 


Zino worl botsloat (aT) oossatanes? oe 
beet anw sods ARG | (w)bs Rect) ui ods vt 
e§ploet ot a2qmagis isfital, ., dotbuse rstghaiua be. 
od3 ot betivast Ixsad od? ab bedbxoeeb seubanorg Bs 
okssmysns tebiata wsdl a dss svar besengiveb » 
yitiids sdji eed boa 3dgkew ‘ea oelm at erstith “gud et 
bos [TCL dated tens saoggue isnot aiab sil ia L gare 
tot sion — ns salem bos sestemytog AMT s | 
i‘ wd 
e2nsmm> teit0 Is rover Toqsq aids at sei Darmclncis oat. od! « 
petiek. — 7 BOB wits ; . 
vd 2toatixe boiiigwg glietoteg mi yivitos rar to. oe 
(bexuisnsb ,besavides sdeounss AKG gutatezm09 anpaaye Yesas ch 


\ide EL ylizohqydt) y¥ 
~vioqg AW sd yeu yar = 

gubless I v eisovey eieor 
fantorsey & (AveL vaue v q 


duoqet tnacex A .sEaxs 


204 


cacodylate with Tris buffers. This effect of Tris buffers has been 
noted before but does not appear reproducible by different experimenters 
(Kung et al, 1976). However, the use of Tris as a buffer for the 
measurement of TDT activity (Marcus et al, 1976; Srivastava, 1974; 

Sarin and Gallo, 1974) may lead to low estimates of TDT activity. 

Also different authors have used various templates and dNTP sub- 
strates for their assay systems which makes direct comparisons 
impossible. In this respect the use of Mn may also be suspect since 
it is known to change the specificity of E. coli DNA polymerase l 
towards nucleoside 5'-triphosphates (Kornberg, 1974) and may be altering 


the activity and specificity of the observed TDT. 
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(Submitted for publication in Biochemical and Biophysical Research 


Communications (1976).) 


THE ISOLATION OF A HIGH MOLECULAR WEIGHT TERMINAL DEOXYNUCLEOTIDYL 


TRANSFERASE FROM CALF THYMUS* 


Douglas Johnson** and A. Richard Morgan 


Department of Biochemistry 
University of Alberta 
Edmonton, Alberta, Canada, T6G 2H7 


SUMMARY: A new terminal deoxynucleotidyl transferase (ToT) 1 has been 
isolated from calf thymus of higher molecular weight than that origin- 
ally isolated by Bollum (1962). The enzymes are probably metabolically 
related as one or the other is found depending on the purification 
procedure. However, a direct conversion from one to the other has not 
been achieved. Although most of the enzymatic properties are very 
similar in contrast the new TDT also has the ability to use a template. 
This suggests that TDT's may be proteolytic degradation products of 
template-requiring DNA polymerases. Thus the finding of TDT's in a 
variety of rapidly metabolizing cells could be due to the uncovering of 
proteolytic activity rather than the synthesis of a new class of 
template-independent polymerases. 


INTRODUCTION: 


Terminal deoxynucleotidyl transferase (tor)? catalyses the primer- 
dependent but template independent polymerization of deoxynucleoside 
5'-triphosphates. First detected in calf thymus extracts and purified 
by Bollum (Bollum, 1962), similar activities have recently been 
reported in various normal and malignant human cells grown in culture 
(Srivastava, 1974) and isolated from the whole blood cells of patients 
with acute lymphocytic leukemia (McCaffrey et al, 1973) or with chronic 
myelogenous leukemia in blast crisis (Sarin and Gallo, 1974) and from 
the periferal blood leukocytes of a patient with chronic myeloblastic 
leukemia (Bhattacharyya, 1975). Although the in vivo function of IDT 
is unknown, speculation has centred on its apparent relation to the 


te this paper TDTl refers to the enzyme originally isolated by 
Bollum and TDT2 to the higher molecular weight enzyme described here. 
Other abbreviations used are: CCC DNA for covalently-closed circular DNA, 
OC DNA for open circular DNA, pOHMB for p-Hydroxymercuribenzoate, NEM 
for N-ethylmaleimide and SDS for sodium dodecyl sulfate. plygasgetefers sto 
a mixture of pT, and pts, dNTP to the deoxynucleoside triphosphate. 

kThis work is supported by the Medical Research Council of Canada. 

*kRecipient of a Medical Research Council Studentship. 
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thymus, suggesting a function in the immune system (Baltimore, 1974). 
Its use as a diagnostic tool for certain leukemic states has also been 
proposed (Sarin and Gallo, 1974). 


This communication describes the isolation and characterization of 
a second TDT from calf thymus, distinct from Bollum's enzyme, with a 
higher molecular weight. However, they may be related in that depend- 
ing upon the experimental conditions used for purification either TDTl 
or TDT2 (but not both) is found. 


MATERIALS AND METHODS: 


The isolation of TDT2 uses many of the purification steps described 
by Bollum (Bollum, 1968) with the order rearranged to facilitate the 
purification. At no stage was a low pH (i.e. <7.0) incubation as des- 
cribed by Bollum included. TDT activity was measured (Bollum, 1968) 
at 37°C with pTy4-5 as primer in reaction mixtures containing 40 mM 
Na cadodylate pH7.0, 1 mM dithiothreitol, 1 mM dNTP and either 10 m™ 
MgCl5 or 1 mM CoCly. DNA polymerase (which copurifies with TDT during 
the early stages of purification and can be used as a marker for TDT) 
was detected by an ethidium fluorescence assay (Morgan and Pulleyblank, 
1974). The reaction mixture contained 50 mM KP; pH 7.5, 1 mM of each 
dNTP, 10 mM MgCl5, and 1 Ay¢9 of heat-denatured calf thymus DNA. 10 ul 
samples were added to 2 ml of the high pH ethidium assay mixture. The 
product is mostly covalently-linked complementary DNA as indicated by 
the return of fluorescence after a heating and cooling cycle. 


The modified procedure is as follows: 450 g of calf thymus were 
suspended in 50 mM Tris HCl pH 7.5, 100 mM NaCl, 1 mM EDTA and disrupted 
using a Colloid Mill (Gifford-Wood, Hudson, New York). After filtration 
through cheesecloth and removal of chromatin by centrifugation (23,000 g, 
20 minutes) polymerase activity was precipitated by the addition of 
solid (NH,)SO, to 50% saturation and centrifuged at 8,000 x g for 15 
minutes. The pellet was suspended in 0.2 M KP; pH 7.5, 1 mM 2-mercapto- 
ethanol (Buffer B) and the ionic strength lowered to that of Buffer B 
with the addition of 50 mM KP; pH 7.5, 1 mM 2-mercaptoethanol. Nucleic 
acid was removed with DEAE cellulose equilibrated in Buffer B (Bollun, 
1968) by a batchwise procedure. After the removal of adsorbant by 
filtration, the filtrate was diluted 1:4 with 1 mM 2-mercaptoethanol and 
protein adsorbed to phosphocellulose (500 ml packed volume) for chroma- 


tography (Bollum, 1968). 


Fractions with DNA polymerase activity were concentrated, resuspend- 
ed in 0.1 M KP; pH 7.5, 1 ™ 2-mercaptoethanol and after dialysis against 
the same buffer, chromatographed on Sephadex G-100 (Bollum, 1968). TDT 
activity was pooled and chromatographed over a single-stranded calf . 
thymus DNA-agarose column (Schaller et al, 1972) and eluted with a linear 
KCl gradient in 25 mM KP; pH 7.5, 1 m™ EDTA, 1 mM 2-mercaptoethanol, 54 
(v/v) glycerol (TDT2 activity eluted as a single peak at 65 mM ae 
Subsequent purifications over Sephadex G-100 were with this same buffer 
at various KCl concentrations. For comparative purposes TDT1 was 
isolated by the normal procedure up to and including Sephadex G-100 , 
chromatography (Bollum, 1968). One unit of TDT activity incorporates 
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nmole of dNTP per hour at 37°C. 


Heat denaturation of TDT2 was performed at 50°C in 25 mM RP ipl 7.5, 
1 mM EDTA, 1 mM 2-mercaptoethanol, 50% (v/v) glycerol. Endonuclease 
activity was measured fluorometrically (Morgan and Pulleyblank, 1974) 
with PM2 CCC DNA as substrate in 30 m™ KP; pH 7.5, 10 mM MgClo, 1 Av6Q 
PM2 DNA at 37°C. Exonuclease activity was also measured fluorometrically 
with heat denatured calf thymus DNA as substrate in a reaction mixture 
containing 20 mM KP; pH 7.5, 10 m™ MgC1l9,1 Ao¢qg DNA. One unit hydrolyses 
1 nmole of DNA phosphate per hour at 370°C. 


SDS polyacrylamide gel electrophoresis was performed as described 
by Weber and Osborn, 1969. 


RESULTS: 


During attempts to isolate TDT1l a second, distinct TDT activity 
was isolated when the purification procedure was modified as described 
in Materials and Methods. With this procedure all the TDT was of a 
higher molecular weight than TDT1 (32,360 daltons, Chang and Bollun, 
E972). 


Figure 1 shows the elution profile of this activity on Sephadex 
G-100. The excluded peak is DNA and the elution position of TDT1l is 
marked by the arrow. This new activity has a much higher molecular 
weight than TDT1 and its elution position is not changed by the addition 
of KCl to the eluting buffer up to 1.0 M or increasing the buffer 
concentration to 0.1 M KP;. Calibration of the G-100 column shows the 
activity to be included to a slightly greater extent than E. coli DNA 
polymerase 1 (105,000 daltons) but eluting well before bovine serum 
albumin (68,000 daltons). SDS polyacrylamide gel electrophoresis of 
TDT2 (Figure 2) shows essentially one peak of 79,000 daltons with 
E. coli RNA polymerase subunits as markers. Contamination by TDT1l 
should give a band at 26,500 daltons (8 subunit, Chang and Bollum, 1971); 
however, even when the gel was deliberately not completely destained, 
no discernable band at the expected position was detectable. These 
data suggest that TDT2 is a single polypeptide of 79,000 daltons distinct 


from TDT1. 


We have been able to obtain fractions with a specific activity of 
10,000 units/mg (with dATP as substrate in the presence of Mg e which 
also suggests that this activity is not due to a slight contamination 
with TDT1 (which is not visible in SDS gels and would have to chromato- 
graph anomalously on G-100). Although this TDT2 activity can be f 
repeatedly chromatographed on G-100, eluting at the same position as in 
Figure 1, it appears unstable, losing activity rapidly upon manipulation. 
The TDT2 used in the subsequent experiments was stable stored in 50% 


(v/v) glycerol at -20°C for 1 year. 


Some properties of TDT2 are summarized in Tables 1 and 2. With 
respect to substrate specificity TDT2 resembles Se ae purine 
dNTPs with Mett present and pyrimidine dNTPs with Co'” present. However, 
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unlike TDT1l there seems to be slightly better polymerization with Coun 
even with purine dNTPs. Table 2 compares some properties of TDT2 with 
TDT1. Both activities depend on exogenously added primer and are 
inhibited by NEM, pOHMB and SDS to about the Same extent when these are 
included in the reaction mixture. The presence of Triton X-100 has a 
similar effect on both activities (Chang and Bollum, 1971; Kato et al, 
1967). The use of Tris buffers at pH 7.5 drastically reduces the 
observed activity for both TDTl1 and TDT2. The two enzymes have 
different pH optima (7.5 for TDT2 compared to 7.0 for TDT1) and con- 
sistent with the molecular weights TDT2 sediments at 4-5S, whereas 
TDT1 sediments at 3.65S. 


In crude extracts of calf thymus after chromatin had been spun 
down, no TDT activity could be detected using over a 500 fold range in 
concentration whereas DNA polymerase activity was readily detected. 

For both enzymes two assay procedures were used, either the incorpora- 
tion of radio-labelled dNTPs into TCA insoluble material or the ethidium 
fluorescence assay. The latter is particularly useful for confirming 
DNA polymerase in the presence of any possible TDT. Even in the 
presence of all 4 dNTPs, the product of TDT is a random polymer which 
shows about 5% the fluorescence of duplex DNA under the high pH 
ethidium fluorescence assay (Morgan and Pulleyblank, 1974). This small 
amount of fluorescence disappears after a heat denaturation step. Using 
denatured calf thymus DNA as template and primer for DNA polymerase the 
product is a hairpin duplex and the increase in fluorescence of samples 
with time as duplex is formed is paralleled by the increase in fluor- 
escence with time after heat denaturation, (Coulter et al, 1974). 

The possibility that TDT was not detected in crude extracts due to 
nucleases or inhibitors was tested by reconstruction experiments in 
which purified TDT1l or TDT2 were added back to crude extracts. The 
activity of TDT1l was reduced 50%, the activity of TDT2 was abolished. 
This suggests that although TDT2 cannot be detected in crude extracts, 
TDT1 should still be observable. However, it is possible that a small 
part of the large increase in TDT activity observed upon storage may 

be due to removal of an inhibitor. Also this extract (4 mg/ml) 
contained a high concentration of RNA which may interfere by binding 
these enzymes. Also depending on the purification procedure TDT 
activity was observed to appear over a period of weeks in certain 
fractions stored in ice. In a procedure closely resembling Bollum's 
(1974) except that the ammonium sulfate precipitation (0-45% saturation 
fraction) preceded the phosphocellulose adsorption (at.pH 7.6.,rather 
than 6.5) the hydroxylapatite column gave a peak of DNA polymerase 
lacking TDT. After two months of storage in the eluting buffer (v0.25 M 
Ry HO a0) mM 2-mercaptoethanol), it had developed a high level of 
TDT activity with a lower level of DNA polymerase activity. Attempts 
to accelerate the conversion of the remaining polymerase to TDT using 


i of trypsin, chymotrypsin and pronase were 
Sate’ eee pees iw. 6.5, conditions used in certain steps 
is known to favor the action of cathepsins 
ount for the production of TDT1 in one 
TDT1 will not use activated DNA as a primer, 
1974) which is not hydrogen bonded to a 
Although Berg has found terminal 


unsuccessful. 
of Bollum's procedure, 
(Fruton, 1960), and could acc 
case and TDT2 in the other. 

requiring a 3'-OH end (Bollun, 
complementary strand (Table 2). 
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addition to EcoRI-treated SV40 DNA which he attributes to the transient 
separation of the duplex at the ends, forming non-hydrogen bonded 
primers, this phenomenon is observed only for a small percentage of 

the molecules (Jackson et al, 1972) and could be also attributed to 


endonuclease in his TDTl preparations. In contrast TDT2 uses activated 
DNA as primer. 


TDT2 was also found to have template guided DNA polymerase activity 
(Table 2) which was not due to contaminating DNA polymerase a which is 
well separated from TDT2 on Sephadex G-100. The TDT2 was rerun on 
Sephadex G-100 and DNA polymerase activity still chromatographed with 
the TDT2 although there was now no DNA polymerase activity in the excluded 
portion of the column. The TDT polymerase was readily distinguished from 
IDT using the ethidium fluorescence assay as above. The TDT activity 
was sensitive to mercurials as is DNA polymerase a (Weissbach, 1975), 
and thus is probably not DNA polymerase 8. Its molecular weight 
excludes DNA polymerase y. 


TDT2 is contaminated by trace amounts of endonuclease (as measured 
by the conversion of PM2 CCC DNA to OC DNA) and exonuclease (113 U/mg) 
activity which were not separable from TDT2 upon chromatography over 
single-stranded DNA-agarose or Sephadex G-100. These did exhibit 
different heat inactivation profiles with TDT2 the most heat sensitive, 
being completely inactivated by heating 5 minutes at 50°C. The exonuc- 
lease activity was inactivated >90% by heating 30 minutes at 50°C 
while this treatment inactivated <10% of the endonuclease. These levels 
of nuclease would not interfere with the DNA polymerase assay. 


DISCUSSION: 


In contrast to the two TDT activities previously reported with 
identical molecular weights, (Marcus et al, 1976), TDT1 and TDT2 are 
distinctly different proteins as determined by their physical properties. 
Their TDT activity varies in a parallel fashion under a variety of 
conditions. The higher molecular weight of TDT2 and its ability to act 
as a DNA polymerase and TDT, which activity appears to arise on storage 
of semi-purified fractions of calf thymus DNA polymerase, is highly 
suggestive that TDTs are derived from DNA polymerase by proteolysis. 

It remains to be shown that a purified DNA polymerase can be converted 
to a TDT. Chang and Bollum (1972) reported that antibody directed 
against DNA polymerase a (6S-8S5 DNA polymerase) does not cross-react 
with TDT1 although inhibition of DNA polymerase activity from a variety 
of mammalian sources was observed. Kung et al,(1976) have recently 
demonstrated that anti-TDT1 antibody does not inhibit DNA polymerase 

% activity. However, no firm conclusions can be made from these studies 
as to the relatedness of the proteins since the polymerase antigenic 
determinants may have been modified or removed by proteolysis. Although 
we suggest that the presence of IDT may be artifactual, it still may be 
diagnostic for certain cell types as suggested by Sarin and Gallo, 1974. 
However, suggestions that TDT may have a physiological role such as 
generating antibody diversity (Baltimore, 1974) would seem unlikely. 
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TABLE 2 


COMPARISON OF THE PROPERTIES OF TDT1 AND TDT2 


oo a ee dee ee ee Re LL 2 ef 


TDEZ TDT] 

nmoles dNIP incorporated/ nmoles dNTP incorp- 
Conditions* orated/ 

mg protein/hour % mg protein/hour % 
ee ee 
Complete reaction mixture 245 100 1,878 100 
Primer omitted 0 0 0 0 
Primer omitted + 329 134 90 2) 
activated calf 
thymus DNA 
Complete + 0.01% SDS 2) ah 97 6 
Complete + 0.1% Triton 188 a7 | 1,407 15 
X-100 
Complete + 5mM NEM 20 8 428 23 
Complete + 0.1mM pOHMB 189 77 Locks 65 
DNA polymerase activity 43.3 - 0 - 
pH optimum (cacodylate Tens, - 7.0 - 
buffer) 
Cacodylate replaced by tee 5 94 ) 
frisiMci (or. ‘Tris 
Acetate pH 7.5 
S Value 4-5 3.65 


; : If 
* Assay conditions as outlined in Materials and Methods with Mg and 
dATP and 50 uM pT, 5 as primer. Activated calf thymus DNA (Aposhian 


and Kornberg, 1962) was substituted for pT, 5 as primer at 120 uM. 


Most values are the average of four determinations. Conditions for 


sedimentation and markers are given in Chang and Bollum (1971). DNA 


polymerase activity was assayed by the fluorescence assay described in 


Materials and Methods. 
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TABLE 1 


Substrate Specificity of TDT2 


nmoles dNTP incorporated per mg protein 
per hour at 37% 


dNTP 
Met Conn 
dATP 245 (1.00) 276 (1.13) 
dGTP 400 (1.63) 564 (2.30) 
dCTP 32.:(0213) 3525 (14.39) 
dTTP 25 (0.10) 4033 (16.46) 


TDT activity was assayed as described in Materials and Methods with 
Pres (50 UM final concentration) as primer. Incorporation relative to 


Me’? dATP (1.00) given in brackets. All values are the average of four 


determinations. 
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Figure l. Chromatography of TDT2 activity over Sephadex G-100 in 25 
mM KP, pH 7.5, 1 mM EDTA, 1 mM 2-mercaptoethanol, 5% glycerol, 0.5 M KCl. 
The heavy arrow indicates the elution position of TDTl. Both activities 


oe 
were assayed as described in Materials and Methods with Mg’ dATP as 


substrate. 


Figure 2. A. Tracing of a SDS polyacrylamide gel of the TDT2 activity 
isolated by Sephadex G-100 chromatography in Figure 1 deliberately incom- 
pletely destained (see Results). B. Determination of the molecular weight 
of the main protein band of A (indicated by the arrow) with E. coli RNA 


polymerase subunits as internal standards. 
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